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ABSTRACT 
 The goal of this project is to adapt diffusive optical imaging (DOI) to study the 
brains of songbirds. We study songbirds because they have a special ability to learn songs 
and to use them to communicate. We choose to use DOI because it has a unique potential 
for harmlessly measuring the brain activity of birds as they experience and process songs. 
The measurements of brain activity can be taken during any stage of learning – from the 
time birds first hear a song to, in principle, the time they first produce a song they have 
learned. Moreover, DOI may allow us to do this over the course of experience, 
development, and time, all in the same bird, and without any pharmacologic intervention 
such as sedation or anesthesia. It is the goal of this dissertation to adapt DOI to the study 
of songbirds and to find directions for further development. 
 Songbirds communicate by learned vocalizations with concomitant changes in 
neurophysiological and genomic activities in discrete parts of the brain. The research 
presented here tests a novel implementation of DOI for monitoring brain physiology 
associated with vocal signal perception. DOI noninvasively measures brain activity using 
red and near-infrared light delivered through optic fibers (optodes) resting on the scalp. 
DOI does not harm the subject, so it raises the possibility of repeatedly measuring brain 
activity while leaving tissue intact for further study. We developed a custom-made 
apparatus for interfacing optodes to the zebra finch (Taeniopygia guttata) head using 3D 
modeling software and rapid prototyping technology and applied it to record responses to 
presentations of birdsong in isoflurane-anesthetized zebra finches.  
 We discovered a subtle but significant difference between the hemoglobin spectra 
of zebra finches and mammals which has a major impact in how hemodynamic responses 
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are interpreted in the zebra finch. Our measured responses to birdsong playback were 
robust, highly repeatable, and readily observed in single trials. Responses were complex 
in shape and closely paralleled responses described in mammals. They were also 
localized to the caudal medial portion of the forebrain, as expected from prior gene 
expression, electrophysiological, and functional magnetic resonance imaging studies.  
 We then expanded upon design methods described in our earlier study to create a 
helmet-interface to couple optic fibers to the scalp and applied it to record responses to 
presentations of various auditory stimuli in awake unanesthetized birds. We measured 
and compared responses to birdsong and a series of tones of frequencies found in 
birdsong. Our findings revealed that awake birds have different features and latencies in 
the hemodynamic response compared to lightly isoflurane-anesthetized birds. The 
optically-measured hemodynamic response also demonstrates striking stimulus-
specificity to conspecific birdsong versus to a series of tones. These data demonstrate the 
feasibility of recording meaningful optical responses from awake songbirds using a 
helmet interface. The importance of this approach is underscored by the discrepancy 
between awake and anesthetized responses.  
 Finally, we demonstrate the capability of our implementation of DOI to detect a 
basic form of learning in awake zebra finches: rapid habituation to playback of birdsong. 
Each bird was exposed to a different sequence of novel songs, where each song was 
played multiple times before switching to the next novel song in the sequence. When a 
given novel song was initially played, we recorded several large-amplitude responses to 
each repetition. As more repetitions were played, we observed the hemodynamic 
response amplitude rapidly decrease with continued repeated presentations of the same 
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song (habituation). During switches to new songs in the sequence, a relatively large 
amplitude response would initially result. These, in turn, were also followed by 
habituation with repeated presentations shortly afterwards. When a switch was made to a 
song the bird had already habituated to earlier in the sequence, the response amplitude 
remained at its already-habituated level. A last novel song was then presented, and the 
large amplitude response was seen again. This shows that the low amplitude response to 
the familiarized stimulus was not due to stimulus fatigue and that the bird was indeed 
capable of producing a large response. These findings are consistent with habituation. 
 The findings of this study are also consistent with those from earlier 
electrophysiology studies done in songbirds. These findings establish the feasibility of 
using DOI to detect evidence of learning.  
 Together, the results of the research presented here define an approach for 
collecting neurophysiological data from songbirds that is both noninvasive, and 
applicable with and without pharmacological intervention. We have demonstrated that 
the method is capable of discerning the complexity of auditory stimuli presented to 
songbirds (song versus tone), and is able to detect evidence of learning (song 
habituation). It is rapid, inexpensive, and it reliably records responses in single trials. It 
may be used to conduct studies to interpret the effect of anesthesia through comparison to 
with awake-animal responses. Used in conjunction with molecular, genomic, or any other 
terminal or invasive procedure, this implementation of DOI may greatly enhance the 
amount of information which may be gained from each subject since this method leaves 
them unharmed. Finally, the approach used to apply DOI and to generate the equipment 
and interfaces for songbirds should be applicable to scarce and diverse species as well.   
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CHAPTER 1: INTRODUCTION 
 
 The goal of this project is to adapt diffusive optical imaging (DOI) to study the 
brains of songbirds. We study songbirds because they have a special ability to learn songs 
and to use them to communicate. We choose to use DOI because it has a unique potential 
for harmlessly measuring the brain activity of birds as they experience and process songs. 
The measurements of brain activity can be taken during any stage of learning – from the 
time birds first hear a song to, in principle, the time they first produce a song they have 
learned. Moreover, DOI may allow us to do this over the course of experience, 
development, and time, all in the same bird, and without any pharmacologic intervention 
such as sedation or anesthesia. It is the goal of this dissertation to adapt DOI to the study 
of songbirds and to find directions for further development. 
 A very simplistic analogy for understanding how DOI works is to imagine that an 
aquarium of fish has become too murky to see through, as though some milk has been 
poured into the tank. If you were to shine a light on one side of the tank, the entire tank 
would glow diffusely. You may be able to determine the location of a fish in the tank by 
the shadow it casts within the diffuse glow of the tank, but its actual location would be 
difficult to discern from a single angle. You could only know it was between you and the 
shadow it cast. Adding more lights in more locations would help you to narrow down the 
possible locations of a given fish since the fish would cast multiple shadows. Similarly, 
light placed against tissue behaves like the light from a flashlight placed against the 
murky tank. Like the fish in the tank, parts of cells and blood can cast shadows, which 
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can be detected by light detectors. By adding more lights and detectors the ability to 
resolve location increases. This is the basis of our multi-channel approach. 
 The visible and near-infrared light used by DOI to measure physiological activity 
penetrates deeply into tissue (on the order of centimeters) while remaining harmless and 
fully noninvasive. Since subjects are unharmed and tissue is left intact by this method, 
DOI has the potential to be used in longitudinal within-subject studies. With a suitable 
method to apply light sources and detectors onto the head, DOI may also be used 
repeatedly – even in non-anesthetized and perhaps even in behaving subjects. 
 This work may be of interest to several audiences:  
 First, from the perspective of biological research, songbirds are the principal 
animal models for studying vocal learning and they possess a “song system” that is both 
highly anatomically and behaviorally tractable. Research involving the song system 
teaches us about basic neuroscience; it gives us a window through which to view how the 
nervous system organizes, develops, adapts, and responds. Songbirds are composed of a 
tremendous variety of species, all closely related while vastly varied in their adaptations 
and behavioral phenotypes. To be able to have a tool such as the version of DOI 
described here could allow rare species to be studied without physical harm, thus making 
certain previously unfeasible studies feasible. 
  Second, from the perspective of improving the accessibility of DOI as a research 
method, any adaptations that are developed which are capable of accommodating DOI to 
both the very small (10-15mm diameter) head-sizes of songbirds while accounting for 
their highly active behavior would likely transfer to a large number of other animal 
models as well. 
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 Third, since this method of imaging can be used on non-anesthetized subjects, it 
carries the potential to link information gathered by different means. It may complement 
other methods either by describing time courses and state changes or by concurrent 
collection of data in experimental designs involving chronic implants. Again, tissue 
would remain intact for further study or analysis. Similarly, DOI could serve as a bridge 
to interpret studies which use anesthesia, especially those using functional magnetic 
resonance imaging (fMRI). fMRI is largely interpreted based on blood-oxygen level-
dependent (BOLD) signals – signals which are also recorded by DOI. Studies using fMRI 
have thus far needed to sedate or anesthetize subjects in order to stabilize their motion. In 
this dissertation work, we show the ability to use DOI in both the anesthetized and non-
anesthetized subject.  
 Finally, DOI may serve as an additional bridge between observed behaviors and 
molecular states if used during a behavioral study (such as one in which birds are 
exposed to different auditory stimuli or operantly trained to perform certain tasks). 
Usually, matching behavior to the states of molecules, cells, and circuits can be 
complicated by the latencies between behavior and analysis of tissues; also, results must 
take into account the confounding variables that come with invasive or terminal methods. 
DOI, however, can measure brain metabolism and neurovascular physiology during tasks 
and possibly during behaviors. It can do this with high temporal resolution and a 
currently undetermined but measurable level of spatial detail.  
 These are all exciting prospects I will come back to at the end. In the next section 
I will discuss the songbird model and why it is important. I will then go into more detail 
about the application of diffusive optical imaging to the study of songbirds and follow 
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with a discussion of optical imaging and the physiology underlying optically recorded 
signals.  
 The four stages of this project will then be discussed:  
 
  I. Design, production, and testing of equipment and protocols in a 
stable anesthetized subject.  
 
  II. Design, production, and testing of equipment and protocols in a 
non-anesthetized subject; comparison of results from anesthetized and 
non-anesthetized subjects. 
 
  III. Measuring the response to different auditory stimuli: birdsong 
versus  tones; determining response specificity to stimuli.  
 
  IV. Using DOI to detect habituation to song 
 
 The final section will be a discussion of the benefits and limitations of the 
methods that were used. It will also discuss ideas for further refinement and application 
of the methods. The topic of further refinement will include the improvement spatial 
localization through the use of reconstruction algorithms, comparison with simultaneous 
functional magnetic resonance imaging, and modifications of the recording equipment. 
The final section will also include a discussion of improving both temporal and spatial 
resolution through detection of the fast optical signal using what is called phase data.  
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The Songbird Animal Model and Neurobiology 
 The songbird is used as an animal model of complex high-level neural function. 
The key characteristic that makes songbirds attractive subjects lies in how they are able to 
communicate using learned vocalizations. Both this ability and its underlying machinery 
are well-suited for study.  
 The use of animal models for research allows environmental conditions affecting 
the subject to be controlled and also makes feasible more reductionist approaches for 
studying underlying mechanisms. The use of an animal model is also, by its nature, a 
comparative approach; that is, it may produce insights highlighted through an 
understanding of similarities and differences.  
 We chose the zebra finch, Taeniopygia guttata, to be our animal model. Since 
they are a popular animal model, we benefit from the relative abundance of knowledge 
and resources specific to zebra finches when compared to those for other songbirds 
(Replogle et al., 2008; Poirier et al., 2008; Agate et al., 2009; Warren et al., 2010). For 
my purposes, the following sections will only discuss two uses of the songbird in 
neuroscience: first, the study of the adult response to song (i.e., sensory response to a 
complex natural stimulus); and second, their use as a model of developmental song 
learning (i.e., vocal learning), which requires both exposure to a template song as well as 
error-correction through practice.  
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Sensory Response to Natural Stimuli 
 The zebra finch is commonly used as a model to understand the responses of adult 
birds to auditory stimuli such as birdsong. The study of these responses informs us about 
the neurobiology of sensory processing and, on a higher level, may also tell us something 
about sociality and social behavior (Kruse et al., 2004).  
 Zebra finches are social non-territorial birds that live in large colonies in nature 
(Zann, 1996). They use their vocalizations and songs to attract mates as well as to 
communicate kinship and recognition (Zann, 1996; Marler, 1990). Their responses to 
song therefore include assessment of not only the environmental context, but the social 
context as well. 
 The use of song playback is an elegant method for eliciting responses without any 
need for training. Responses can then be studied using any number of approaches or 
techniques. For instance, robust anatomically-delineated gene activation can be induced 
simply by playback of recorded birdsong, revealing both functional anatomy (Mello and 
Clayton, 1994) and salience of the response (Kruse et al., 2004; Mello et al., 1992). These 
genomic responses can be triggered using either playback of songs or the birds’ own 
singing (Mello et al., 1992; Jin and Clayton, 1997; Clayton, 2004b).  
 Responses on the molecular scale have been used to anatomically map the areas 
of the brain which were induced to be active by the stimulus. Along the same lines, they 
have been used to explore the molecular pathways leading to the response, as well. 
Pioneering gene expression work utilized in situ hybridization (ISH) of the immediate 
early gene ZENK in the brains of birds exposed to a natural auditory stimulus (birdsong) 
to identify the areas involved in the response. The activated areas, which included the 
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higher auditory area, caudomedial nidopallium (NCM) – the functional equivalent of 
human secondary auditory or association cortex – fit well with predictions (Mello and 
Clayton, 1994; Mello et al., 1992; Muller and Leppelsack, 1985). This was followed by 
further studies using immediate early gene (IEG) expression as a way to link anatomy to 
function (Mello, 2002) and for deducing possible mechanisms of learning and roles for 
neuroanatomy (Mello et al., 1995; Clayton, 1997). The signaling pathways and processes 
involved in ZENK expression to song have also been traced by using ZENK expression 
as a starting point (Cheng and Clayton, 2004; Huesmann and Clayton, 2006; London and 
Clayton, 2008). This has even led to a novel hypothesis explaining how the brain 
remodels itself in response to new experiences (Huesmann and Clayton, 2006). 
 Gene expression studies have also led to questions involving habituation, (Mello 
et al., 1995) arguably the simplest form of learning (Sweatt, 2003). Song habituation 
occurs when repeated exposure to a specific song leads to a decrement in the response 
(reviewed in Dong and Clayton, 2009). This phenomenon is biologically relevant to birds 
because it gives an indication of the level of attention they are giving to a stimulus; that 
is, the salience of the stimulus. For instance, the study of habituation gives an indication 
of how a bird behaves towards conspecifics (individuals of the same species) or threats. 
This habituation can be observed in the bird’s behavior (Stripling et al., 2003; Dong and 
Clayton, 2008b), in the level of signaling molecule phosphorylation (Cheng and Clayton, 
2004), expression level of immediate early genes (Mello et al., 1995), and by single or 
multiunit electrode recordings (Stripling et al., 1997; Chew et al., 1996). “Song 
habituation”, in particular, is interesting because the stimulus itself is quite complex 
(Dong and Clayton, 2009). 
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 Although habituation can be measured in these different ways, these forms of 
habituation differ in some ways from one another. These differences may be very useful 
for helping us to tease apart the roles of different players. For instance, it is possible to 
repeat a song enough times so that the induction of ZENK is indistinguishable from a 
control without a comparable reduction in the ability to induce spikes in the same 
anatomical area (NCM; Stripling et al., 1997).  
 Another disconnect between electrophysiological and immediate early gene 
expression studies can be seen with other stimulus designs as well. Heterospecific songs 
(songs of another species) and conspecific songs can induce similar spike rates in NCM 
but the heterospecific songs elicit only half the gene induction level of conspecific song 
(Stripling et al., 1997; Clayton, 2000). Likewise, in a comparison of behavior and ZENK 
expression, habituation of the ZENK response was blocked by infusion of an Erk 
inhibitor but the bird’s behavior did not seem to change. Instead, the bird acted like the 
birds receiving no inhibitor (Dong and Clayton, 2008a). 
 It is reasonable to conclude that the electrical and molecular aspects of the 
response are doing different things. A more difficult question is how they fit back 
together. In one hypothesis, the function of the immediate early gene response has been 
characterized as a “genomic action potential” (Clayton, 2000). This hypothesis likens the 
wave of gene expression to the action potential. The gene expression wave would 
integrate a large amount of information from the neuron over long periods, and would 
occur on the order of minutes to hours. In doing this, it is said to set the learning state of 
the neuron rather than to consolidate memories. 
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 Earlier studies of song habituation tended to focus on ZENK and a handful of 
other genes. With the development of new and affordable technology, it became possible 
to identify and explore the relationships and roles of many other genes in song 
habituation. Microarrays have been used to measure the expression of thousands more 
genes after exposure to novel versus familiar song (Dong et al., 2009). Microarrays are 
capable of sampling the expression of tens of thousands of genes at once. Dong et al 
found that novel and familiar (habituated) song presentation elicit unique gene expression 
profiles. This includes comparative increases in some genes and decreases in others. 
Furthermore, it revealed that the habituated state is better explained as a slow 
consequence of training than it is a fast consequence of familiar song exposure. A large 
number of the genes demonstrating different responses between novel and familiar song 
exposure are described as metabolic genes.  
 Newer neurogenomics tools will gradually make it easier to link genes and gene 
networks to function (Clayton et al., 2009). This stresses, however, the importance of 
good experimental design which highlights the context in which genes are expressed. 
Since thousands of genes may be sampled at a time, false positives become more 
concerning as coincidental gene activity may be labeled as related to a given function 
when it is not. One approach to control context is to take advantage of the naturally 
expansive biodiversity of songbirds when making comparisons. Another non-mutually 
exclusive approach is to augment phenotyping of subjects using DOI.  
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Vocal Learning and the Songbird Model 
 A second major use of the songbird model is for studying the neurobiology of 
vocal learning. Humans and songbirds share many parallels in their abilities to acquire 
learned vocalizations (Marler, 1970; Doupe and Kuhl, 1999). They also share parallels in 
the purposes for having these abilities.  
 Vocal learning ability involves the production of complex sounds learned through 
both listening and rehearsal. This ability to produce learned vocalizations is actually rare 
amongst animals; humans are the only primates that do this. Other mammals which have 
been found with this ability include cetaceans, elephants, and some species of bats; 
among birds there are only parrots, hummingbirds, and songbirds (Doupe and Kuhl, 
1999). 
 Although there are other vocal learning species, a songbird is our choice for 
several reasons. Chief among these are the diversity of songbirds, their amenability to the 
laboratory environment, and the wealth of information and resources gained through their 
popular historical use in the lab. A possible disadvantage is their assignment to a different 
class from mammals, but this, too, has its upsides and will be addressed shortly.  
 Among the candidate model animals, songbirds, are by far the most diverse 
(Clayton et al., 2009). The greatest insights to be gained from songbirds can arguably be 
found in their diversity. Nature has provided us with a great “natural experiment”, where 
a tremendous variety of vocal learning behaviors have evolved within relatively closely 
related species. This offers us the opportunity to sort out genes specific to different 
aspects of vocal learning (Brenowitz, 1997; Brenowitz and Beecher, 2005; Clayton, 
2004a).  
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 For instance, the biology which underlies plasticity versus crystallization might be 
discovered through a comparison of open and closed learners. An open learner, like the 
canary, can learn new songs every season while a closed learner, like the zebra finch, 
learns to sing as a juvenile and repeats the same stereotyped song throughout adulthood 
(Brenowitz et al., 1997).  
 Songbirds are well-established animal models adapted to the laboratory 
environment (Williams, 2004). The song system, which supports their ability to learn and 
produce songs has been anatomically delineated and heavily studied (Nottebohm et al., 
1976; Vates and Nottebohm, 1995; Vates et al., 1996; Mello et al., 1998; London and 
Clayton, 2008). In addition, developmental stages have been described (Williams, 2004) 
allowing for comparison between analogous stages in humans (Marler, 1990), and 
creating opportunities for studying the role of hormones (Bottjer and Johnson, 1997). 
Species such as the zebra finch are sexually dimorphic in singing ability (Nottebohm and 
Arnold, 1976), providing opportunities to study sex-differences as well as a within-
species control (Arnold and Saltiel, 1979; Holloway and Clayton, 2001).  
 Among songbirds, the case for using the zebra finch as a starting point is based on 
parallels between their vocal learning progression and our own. For instance, like us, they 
begin learning from tutors. When they do this, there is initially a sensory stage followed 
by a sensorimotor stage during which they show a babbling-like behavior. Additionally, 
like humans, the plasticity necessary for learning new songs is greatest during a critical 
period ending in adolescence (Doupe and Kuhl, 1999). It should be pointed out, though, 
that this crystallization is relatively rigid while it is less rigid in humans.  
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 In addition to these developmental similarities, zebra finch and human share 
similarities in the neural substrates involved. Humans use cortical and specifically 
neocortical areas for speech. Songbirds also have developed forebrain areas for 
vocalizing, such as HVC (high vocal center) and robust nucleus of the arcopallium (RA) 
to control lower motor vocal areas in birds (Doupe and Kuhl, 1999).  
 Both humans and zebra finches share similarities on a circuit level: each have 
circuits using forebrain, basal ganglia, and thalamic loops (Bottjer and Johnson, 1997; 
Reiner et al., 2005; Doupe et al., 2005); each have systems with strong auditory inputs 
and overlapping auditory/motor centers; and each have feedback loops from motor 
centers to auditory areas (Doupe and Kuhl, 1999). The connections between nuclei of 
song control areas in the brain are very similar to those in the mammalian basal ganglia, 
and it is possible that in addition to song control, they share other functions analogous to 
those of mammalian basal ganglia: these may include motivated behavior, motor 
learning, and even cognitive functions of a higher order (Bottjer and Johnson, 1997).  
 Because of these similarities, it has been argued that the song system could 
provide unique opportunities to study basal ganglia function beyond vocal learning, and 
may even be used to research Parkinson’s disease. Similarly, since songs are learned, 
complex and precise motor patterns, studying their production may help us to understand 
other highly coordinated motor patterns (Doupe et al., 2005), such as writing or walking.   
 It is worth special mention that despite assignment into different classes, there is 
strong organizational homology between mammalian and avian neuroanatomy (Reiner et 
al., 2004a). Comparison of telencephalic structures by network connections, cell 
morphology, cell type, cell fate over the course of development, and neurotransmitter 
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type have all demonstrated homology. Additionally, functional units have radial 
organization, which further demonstrates homology (Reiner et al., 2005; Reiner et al., 
2004b; Jarvis et al., 2005). The ratio of telencephalon to the rest of the brain is actually 
closer between songbirds and humans than between rodents and humans – the key 
anatomical difference is the absence of layered cortical organization of pallial structures 
in birds. This difference actually explains the long-standing historical mislabeling of 
avian pallial structures as striatal (Reiner, 2005). 
 In addition to similarities, there are, of course, differences between birds and 
mammals that provide both opportunities and perspective. At a basic level, similarities 
among both classes allow for greater generalization of findings across vertebrates. For 
instance, the discovery of B (bursa) cells in the immune system and the characterization 
of the citric acid cycle were both made in birds (Stevens, 1996); in the brain, clues 
involving sleep and learning are based on song learning (Margoliash, 2005; 
Deregnaucourt et al., 2005; Shank and Margoliash, 2009). Differences between classes, 
in contrast, can also be informative. If vocal learning came about due to convergent 
evolution, it will tell us more about the critical elements and evolutionary constraints 
(Striedter, 1998) necessary to support vocal learning. Other differences may provide us 
with insights into aspects of basic brain function, such as brain metabolism, in particular. 
Birds, for instance, despite their size and high metabolism are relatively long-lived 
(Holmes and Ottinger, 2003). Furthermore, they are hyperglycemic compared to 
mammals, yet they do not suffer from the same problems high blood sugar cause in 
humans (Stevens, 1996). Some of these characteristics may result from their adaptation to 
- 14 - 
 
flight. Understanding how these adaptations affect brain function provides perspective 
and may inform the treatment and understanding of human disease. 
 As noted in the introduction, the song system is a model of high level complex 
neural function. The principles and mechanisms underlying these abilities go far beyond 
vocal learning; steps necessary for vocal learning such as observation, interpretation, and 
practice followed by production are also necessary for learning other skills, like reading 
and writing, or driving a car. These skills all involve formations of procedural memory, 
which is linked to the function of basal ganglia. The pathways involved in song learning 
(anterior forebrain path) are basal ganglia-cortical circuits. Interestingly, basal ganglia 
circuitry is necessary for the learning of new procedural motor memory, although lesions 
do not always disrupt skills that have already been formed. This is highly reminiscent to 
song learning, in which the song learning pathway (the anterior forebrain pathway; AFP) 
is essentially inactivated once song is crystallized (Solis et al., 2000). Each step of the 
process, for example, production of the motor pattern, is interesting on its own and has 
implications for basic neuroscience as well as human health and disease. 
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Questions Potentially Approachable using DOI 
 Two major approaches for using the songbird as an animal model in neuroscience 
have been reviewed in the preceding sections. In both cases, there are situations when the 
ability to repeatedly measure from a subject that is awake would be tremendously 
helpful: 
 In the case of the adult bird and forms of learning such as habituation, it would be 
very useful if there were a noninvasive method for detecting habituation or states of 
learning because this could, in its simplest usage, inform the timing of tissue or sample 
collection. On a much shorter timescale, one can imagine tightly coupling optical 
imaging data to feed back or feed forward activation of genes when combining DOI with 
optogenetics. DOI would also be very useful as an enhancer of more traditional molecular 
studies. For instance, to decipher the function of a gene, or perhaps to understand the 
context in which it is activated, it would be helpful to assess the state of the brain at set 
timepoints either during or after an experimental manipulation.  
 Molecular methods are often limited to capturing a single snapshot at the time of 
tissue collection. Often, this involves dissection of the whole brain. Although behavioral 
data could be collected to augment the interpretation of this snapshot, behavioral data has 
unfortunately been found to have poor sensitivity in the past (Dong and Clayton, 2008a). 
Data collected by invasive procedures for the same purpose could also be used, but they 
may also be difficult to control since they affect subjects in undetermined ways (Dong 
and Clayton, 2008a).  
 As was already mentioned, a microarray study of song habituation yielded a list of 
genes involved in metabolism (Dong et al., 2009). DOI may yield insights relating to 
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metabolic activities and changes in the brain since it measures the delivery of oxygen to 
tissue. Here one can imagine a carefully conducted study combining behavioral and 
physiological data collected using DOI on each subject and then following up with 
microarray analysis to correlate measured changes in blood-oxygen level dependent 
signals and the expression of various genes. This may give us a better understanding of 
what the many metabolic genes found to be different between novel and familiar song 
responses in Dong et al, 2009 might be doing. 
 A method allowing repeated measurement such as DOI would also help to test 
predictions arising from the genomic action potential (GAP) hypothesis (Clayton, 2000). 
The GAP hypothesis would predict that a novel stimulus induces a state of improved 
attention or learning. Rather than collecting a single data point per subject to measure 
how well learning took place, it may be possible to monitor for changes before, during, 
and after training using DOI and to continue monitoring for a longer period of time. DOI 
might detect physiological correlates to these differing hypothesized states. If these 
correlates exist, would be interesting and useful to see if their appearance predict how 
well something is learned.  
 In the case of song learning, monitoring how brain activity evolves as a bird 
transitions from an immature sensory learning phase to a sensorimotor learning phase 
could provide basic insights into neural plasticity. Young birds will listen to a song tutor 
without singing. If the tutor bird is taken away, the young bird will still begin to practice 
songs based on the tutor song once it reaches a sensorimotor phase (Konishi, 2004; 
Konishi, 1965). Somehow the sensory memory of the song is retained and somehow it is 
transformed into a motor program (Nottebohm, 1981; Bolhuis and Gahr, 2006). DOI 
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could provide a means for seeing how patterns of brain activation evolve during this 
transition period. 
 It would also be very useful to measure brain activity during the period of vocal 
rehearsal. Songbirds must listen to their own singing to produce appropriate songs. They 
are sometimes described as comparing their own songs to a memorized template song 
(Konishi, 1965; Bolhuis and Gahr, 2006). What is the relationship between the sensory 
memory and motor production and how does it evolve as the songbird develops its song? 
How does brain activity change as the critical period ends and the song becomes 
crystallized? DOI might be able to show us areas of the brain gaining in activity while 
others, like those in the AFP diminish. Perhaps there are other areas in the brain that 
transiently activate to flip a switch – but were never observed at the right time because 
there was a lack of clues telling us to look. DOI could monitor large areas of the brain 
and give us clues about where and when to be looking. 
 The successful development of DOI would be greatly beneficial, if even as a first 
step, towards addressing these questions. DOI could allow repeated measurements to be 
taken at different points in the zebra finch’s life; for example, a single subject to be 
studied across different stages of learning, different stages of development, or different 
points in aging. In principle, it could monitor brain activity in behaving, and potentially 
vocalizing, songbirds – perhaps even allowing a novel approach to studies of social 
interaction. The time course of manipulations such as drug effects or the corresponding 
time course to gene expression can also be explored. For each study, it will also be 
possible to control for subject-to-subject variation by measuring repeatedly in the same 
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individuals. This would also allow the effects of prior or accumulated experiences to be 
taken into account.  
 Finally, by leaving tissue entirely intact, DOI could be used concurrently or in 
conjunction with other methods to produce a common link between different studies. The 
door could be open to creating a tight system by which animals could be phenotyped 
based on their physiological brain activity and then studied using histological or 
molecular methods.  
 In the next section I will discuss diffusive optical imaging. 
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Diffusive Optical Imaging 
 Diffusive optical imaging (DOI, and sometimes diffuse optical imaging) is a 
functional imaging method that measures changes in the optical properties of the head 
using light. The term DOI encompasses many imaging methods using light diffused 
through tissue to detect changes in the optical properties of the head and does not always 
refer to the same specific technique.  
 Wavelengths in the red visible to near-infrared range are used because they can 
capitalize on the “biological window” (Jobsis, 1977) where light penetrates tissue deeply 
due to relatively low absorption. In the imaging strategy described in this dissertation, 
light to and from the head is carried by fiber optics (optodes) which can be applied 
noninvasively to the scalp. Measurements can have temporal resolution down to 
millisecond levels and spatial resolution below a centimeter (Gratton and Fabiani, 2007).   
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Comparison of DOI to other Neuroimaging Methods 
 Optical methods such as DOI have commonly been used to study hemodynamic 
activity or changes in blood flow and oxygenation (Jobsis, 1977; Malonek and Grinvald, 
1996; Frostig et al., 1990). Using a spectroscopic approach called near-infrared 
spectroscopy (NIRS), optical methods can be used to measure both relative changes in 
oxyhemoglobin as well as in deoxyhemoglobin levels. Total hemoglobin levels and 
oxygen saturation can be readily calculated from these measures.  
 Functional magnetic resonance imaging (fMRI) is a more well-known imaging 
method. Like DOI, fMRI is noninvasive and measures hemodynamic changes. It is also 
based on spectroscopy, although instead of using light, it uses radio-frequency (RF) 
waves. When these RF waves are applied to a sample they alter the alignment of protons. 
Just as absorption and emission at various wavelengths of light are properties of a 
medium in light spectroscopy, so too is the time it takes for protons in a given medium to 
lose an induced alignment. This property is referred to as relaxation time.  
 The brain responses measured by fMRI are called blood oxygen-level dependent 
(BOLD) responses. These responses are based on changes in deoxyhemoglobin levels, 
alone. This is because BOLD-contrast is based on the appearance of paramagnetic 
deoxyhemoglobin as diamagnetic oxyhemoglobin loses its bound oxygen molecule 
(Ogawa et al., 1990) to tissue. In other words, oxyhemoglobin cannot be induced to 
acquire an alignment, so it cannot be measured using fMRI. Only deoxyhemoglobin can. 
 In contrast, DOI detects more information about the hemodynamic response since 
it is able to measure both oxygenated and deoxygenated hemoglobin, and does so with 
greater temporal resolution (Strangman et al., 2002). It makes sense, then, that functional 
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NIRS (fNIRS) has been used to investigate the nature of BOLD responses measured by 
fMRI (Strangman et al., 2002). Though slower in comparison to fNIRS, fMRI is fast 
enough to capture the relatively slow hemodynamic response. For faster non-
hemodynamic responses (to be discussed later), however, DOI is better suited. 
 In contrast to its relative weakness in temporal resolution, fMRI measures BOLD 
responses with much greater spatial resolution than DOI. Furthermore, it is able to do this 
for much deeper structures than DOI. While detection of activity in deep structures 
become an issue for DOI applied to larger sized heads (human), it is not a concern when 
applied to animals as small as the zebra finch.  
 Positron emission tomography (PET) and single photon emission computed 
tomography (SPECT) are two other imaging methods worth mention. These methods 
detect regions taking up radiolabeled metabolites as they decay. Almost any substrate or 
metabolite can be labeled, which makes these methods indispensible for certain tasks 
(Herholz, 1997). However, they are limited by the amounts of radiation that can be 
tolerated by a subject. While DOI cannot substitute for these methods in all cases, it can 
measure some metabolic activities without needing injections of radioactive substances. 
DOI measurements, as they are used in the research presented in this thesis, are harmless 
because DOI detects signals which are intrinsic – that is, they are based on changes in the 
optical properties of tissue during activity (Gratton and Fabiani, 2007). 
 One of the most attractive attributes of DOI is how well it may be able to work in 
parallel or in conjunction with other methods. DOI is unobtrusive and adaptable so it may 
be possible to apply DOI during multielectrode recordings or microdialysis. Since the 
subject is unharmed by DOI, the tissue is still available for histological or molecular 
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analysis. Finally, since DOI is applied through optic fibers, it is possible to use it during 
fMRI (Zhang et al., 2005). 
 DOI has some specific features which make it specifically well-suited for 
studying songbird responses to auditory stimuli. First, it has the advantage of operating 
silently. This can be critical in studies using auditory stimuli. It also operates without the 
dangerous magnetic fields present in fMRI; strong magnetic fields could conceivably 
alter task performance in unknown ways since zebra finches use magnetic cues to 
navigate (Keary et al., 2009). Finally, DOI has some tolerance to motion of subjects 
(Strangman et al., 2002). In fact, its motion tolerance makes it a common tool to study the 
brains of infants. This leaves open the possibility of measuring from subjects with 
minimal or no restraints. This is important because the effect of restraint can alter 
immediate early gene responses to presentations of song (Park and Clayton, 2002).  
 As mentioned earlier, DOI has been used to detect relatively fast non-
hemodynamic responses. These fast optical signals are most likely indicative of neuronal 
activity (Gratton et al., 1997) and are thought to be due to changes in the optical 
properties of active neuronal tissue (Gratton et al., 1997; Stepnoski et al., 1991; Rector et 
al., 1997). In humans, detection of fast signals has been called EROS, for event-related 
optical signal (Gratton et al., 1995). This is the optical analog of the event related 
potential (ERP) detected via electroencephalogram (EEG), and is thought to represent 
local field potential activity in dendritic fields (Viswanathan and Freeman, 2007).  
 Alternative noninvasive imaging methods for detecting neuronal activity include 
magnetoencephalography (MEG) and EEG. Both of these methods, however, are based 
on dipoles that result from columnar organization in the cortex. While the cell types, 
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radial organization, and wiring diagrams of avian brains are homologous to those of 
mammalian brains, the pallial areas of avian brains have nuclear organization rather than 
the stratified columnar organization of the cortex in mammalian pallial areas (Reiner et 
al., 2005). Dipoles are therefore likely to interfere or cancel out, making the interpretation 
of spatial location and amplitude of signals intractable. This is unfortunate for avian 
neuroscience because among noninvasive imaging methods, only DOI and EEG could be 
feasible candidates for use in behaving animals since they can be applied using probes 
coupled to the scalp. Both methods can tolerate some movement since their optodes or 
electrodes are in direct contact with the head (Watanabe et al., 1998). MEG, on the other 
hand, would require restraint or paralysis. This leaves DOI as the only current remaining 
option for measuring brain activity from the behaving bird. 
 Practically speaking, DOI is inexpensive to both acquire and maintain in 
comparison with other imaging methods. Since it is also much smaller in size and can be 
made portable (Gratton and Fabiani, 2007), users of the device can be freed from 
scheduling, timing, and availability issues common to larger institutionally shared 
machines.   
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Basic Principles of Diffusive Optical Imaging 
 It will be easier to explain how DOI of the brain works if we start by revisiting the 
use of a spectrophotometer to measure concentration of a solubilized substance in a 
cuvette. The basic principle is described by the Beer Lambert Bouguer Law, where the 
concentration of a substance is related to the distance of the light path, the light intensity 
of detected versus incident light, and the molar absorption of the substance (extinction or 
attenuation) at the wavelengths being used (Cope et al., 1988; Villringer and Chance, 
1997). As concentration increases, the amount of light passing through to the detector 
decreases. The level of decrease in light is called attenuation (i.e. - extinction or 
absorbance), and it is caused by light loss to absorption and light scattering as it passes 
through a medium.  
 The situation in tissue is more complicated than it is in a cuvette, and therefore 
requires several considerations. In tissue, it is very difficult to know with precision how 
much attenuation is attributable to absorbance and how much to attribute to everything 
else including scattering and distance. How much to attribute attenuation to scattering or 
absorption depends, in part, to the wavelength of light being interpreted. Attenuation by 
absorption and by scattering are both wavelength-dependent (Villringer and Chance, 
1997; Ramstein et al., 2005). At some wavelengths, changes in attenuation can largely be 
attributed to absorption. While scattering is the dominant cause of attenuation in tissue, it 
remains relatively constant in relation to the change caused by absorption in blood 
(Gibson and Dehghani, 2009). Known patterns of response can also help with 
interpretation. For example, hemodynamic responses have a known and fairly 
characteristic time course and behavior (to be discussed shortly).   
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 Another major consideration for light traveling through tissue rather than a 
cuvette is the distance traveled by the light (path length). In tissue, any detected light is 
assumed to have scattered many times; that is, any given photon ending up at the detector 
must have previously bumped into any number of scattering particles (such as organelles) 
in the tissue. If you plot a distribution of distances traveled, the mean distance is the 
differential pathlength factor (DPF), reviewed in (Huppert et al., 2009). Since tissue may 
become more or less scattering with activity, activity will change the DPF. As a result, 
the true concentration at any given time cannot be precisely calculated without knowing 
the pathlengths that the light has traveled (Chance, 1993). Furthermore, the amount of 
change in pathlength during activity is wavelength dependent (Sevick et al., 1994). For 
the present dissertation, we concern ourselves with changes in concentration over time 
rather than measurements of precise concentration at any given time point. 
  Typically, the major factors to account for are 1) absorption of light by tissue, 2) 
absorption of light due to dynamically changing chromophores (such as oxy or 
deoxyhemoglobin), 3) scattering of light by tissue, and 4) scattering of light due to 
dynamic chromophores. Factors 1, 3, and 4 are typically assumed to be minimal when 
spectroscopy is used to measure hemodynamic variables (oxygenation of hemoglobin). 
This assumption could be oversimplified, though (Kocsis et al., 2006), especially in the 
case of birds which have nucleated red blood cells (Stevens, 1996). Since nuclei and 
organelles are primary contributors to scattering events in tissue (Mourant et al., 1998; 
Beauvoit et al., 1995), increased blood flow will likely bring with it an increase in 
scattering. Basic studies involving the behavior of light in relation to bird erythrocytes 
will be necessary in the future. 
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 While hemodynamic changes are principally detected by absorption at certain 
wavelengths, EROS works based on slightly different assumptions: it is sensitive to 
changes in scattering properties of tissue (Gratton et al., 1995) and is most likely 
indicative of neuronal firing (Stepnoski et al., 1991; Gratton et al., 1995). Scattering 
properties change with activity. This might be caused by changes in associated with the 
movement of ions (MacVicar and Hochman, 1991) or possibly membrane deformation 
(Stepnoski et al., 1991). In either case, the change in scattering changes the number of 
collisions photons make prior to reaching the detector. If, for instance, the scattering 
increases and leads to more collisions, the distances traveled by photons reaching the 
detector will on average be longer. This is seen as a positive shift in DPF.  
 The method detecting EROS is effectively monitoring the DPF constantly. It does 
this by modulating the light intensity at a very high but known frequency. If DPF 
increases, this results in a positive phase shift relative to the known frequency, and vice 
versa for decreases (Gratton and Fabiani, 2007). 
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The Optical Response 
 The activity measured from the brain by DOI can be referred to as the optical 
response. Essentially, this response is a change in the properties of the light delivered to 
the brain versus the light detected from the brain. What follows here is a discussion of the 
meaning of the optical response. As alluded to earlier, when considering the optically 
measured response one should always be mindful that it is an aggregate of all optical 
phenomena. For instance, since both scattering and absorption contribute to attenuation 
of the measured light, one should be wary when attributing changes to a single cause.  
 Very early (millisecond scale) scattering-based changes, like the ones detected by 
EROS are sometimes referred to as the fast-optical signal while the hemodynamic-based 
changes are sometimes called the slow-optical signal. The fast-optical signal is likely due 
to neuronal activity (Stepnoski et al., 1991; Gratton et al., 1995).  
 The slow-optical response shows a reproducible hemodynamic pattern having 
three basic features: an “initial dip”, overshoot, and undershoot at offset (Malonek and 
Grinvald, 1996; Malonek et al., 1997; Chen-Bee et al., 2007). The initial dip is thought to 
be mediated by tissue extraction of oxygen from the blood. Following this is an 
overshoot. This overshoot is caused by hyperemia; that is, increased local blood flow 
likely caused by vasodilation (Frostig et al., 1990; Ogawa et al., 1990). Finally, there is 
an undershoot that follows which may be caused by blood vessel compliance (Chen-Bee 
et al., 2007; Mandeville et al., 1999). The slow-optical response also shows evidence of 
scattering (Malonek and Grinvald, 1996; Malonek et al., 1997) as mentioned earlier. 
 What remains unclear is how the hemodynamic changes relate to neuronal 
activity. This is an active area of study. Evidence suggests that the hemodynamic 
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response is more closely related to local field potentials (synaptic activity) than it is to 
neuron spiking (Viswanathan and Freeman, 2007). This interpretation of relationship, 
however, may be dependent on the specific vascularity or anatomy of an area (Ekstrom, 
2010). This link between neuronal and hemodynamic activity is called neurovascular 
coupling. It is known to be mediated by astrocytes although the degree and exclusivity of 
astrocyte involvement is unclear (Takano et al., 2006). One hypothesis asserts that the 
hemodynamic response itself has a role in modulating the gain of neurons rather than 
simply transporting nutrients and waste (Moore and Cao, 2008). This hypothesis has yet 
to be tested.  
 The factors that lead to vasodilation, which is thought to be the basis of the 
“overshoot”, are not completely known (Iadecola and Nedergaard, 2007). Vasodilation 
can be triggered by the release of release of cyclooxygenase metabolites by astrocytes 
bridging neurons to vessels (Takano et al., 2006). This action is preceded by calcium 
release in astrocytes. One thing that can trigger this calcium release is neuronal activity, 
in particular, glutamate release. This relationship to neuronal activity is not so 
straightforward, however, since calcium release in astrocytes can also be caused by many 
other substances. One example is estrogen.  
 Adding to the mystery of vasodilation are spontaneous changes in hemodynamic 
activity (Elwell et al., 1999) which may be rhythmic or entrained. The mechanisms for 
these are not entirely understood, either. These spontaneous changes should be taken into 
account when designing experiments or interpreting hemodynamic responses.  
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Research Goals 
 In the previous section the case was made for adapting diffusive optical imaging 
(DOI) to study brain activity in songbirds. In this section, the steps needed to accomplish 
our goals will be discussed and described in detail. 
 To establish that DOI can be used for zebra finch research, we must show the 
following: 
 1) It must be able to reliably measure signals in the zebra finch brain.  
 2) The relationship of the signal to the stimulus must be described.  
 3) The method should demonstrate an ability to address a biological question.  
  
 These goals will be addressed by the following specific aims: 
Specific Aims of Research Proposal 
 I. Design interface and protocol to measure optical responses in the zebra finch 
brain. 
 II. Determine whether optical responses to auditory stimuli are stimulus-specific. 
 III. Hypothesize and test whether the hemodynamic optical response will 
habituate to repeated presentation of bird songs. 
 
Aims for Further Discussion 
 IV. Evaluate DOI for imaging unanesthetized behaving subjects. 
 V. Improve localization of response.  
 VI. Distill hemodynamic and neuronal information from optical data. 
 VII. Uses for methods in current form. 
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CHAPTER 2: NONINVASIVE DIFFUSIVE OPTICAL IMAGING OF THE 
AUDITORY RESPONSE TO BIRDSONG IN THE ZEBRA FINCH 
 
Chapter 2 is summarized in this manuscript submitted to Journal of Comparative 
Physiology of work addressing Aim 1: Design interface and protocol to measure optical 
responses in the zebra finch. 
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ABSTRACT 
 Songbirds communicate by learned vocalizations, with concomitant changes in 
neurophysiological and genomic activities in discrete parts of the brain. Here we tested a 
novel implementation of diffusive optical imaging (also known as diffuse optical 
imaging, DOI) for monitoring brain physiology associated with vocal signal perception. 
DOI noninvasively measures brain activity using red and near-infrared light delivered 
through optic fibers (optodes) resting on the scalp. DOI does not harm the subject, so it 
raises the possibility of repeatedly measuring brain activity and the effects of 
accumulated experience in the same subject over an entire life span, all while leaving 
tissue intact for further study. We developed a custom-made apparatus for interfacing 
optodes to the zebra finch (Taeniopygia guttata) head using 3D modeling software and 
rapid prototyping technology, and applied it to record responses to presentations of 
birdsong in isoflurane-anesthetized zebra finches. We discovered a subtle but significant 
difference between the hemoglobin spectra of zebra finches and mammals which has a 
major impact in how hemodynamic responses are interpreted in the zebra finch. Our 
measured responses to birdsong playback were robust, highly repeatable, and readily 
observed in single trials. Responses were complex in shape and closely paralleled 
responses described in mammals. They were also localized to the caudal medial portion 
of the forebrain, as expected from prior gene expression, electrophysiological, and 
functional magnetic resonance imaging studies. These results define an approach for 
collecting neurophysiological data from songbirds that should be applicable to diverse 
species and adaptable for studies in awake behaving animals. 
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INTRODUCTION 
 The zebra finch (Taeniopygia guttata) is an important animal model in 
neuroscience for studying relationships between brain and behavior. Like other 
songbirds, zebra finches communicate through complex learned vocalizations (songs). 
Exposure to recorded songs triggers robust changes in gene expression and 
neurophysiological activity in the brain, especially in the caudomedial nidopallium 
(NCM) and mesopallium (CMM) of the forebrain  (Mello et al., 1992; Mello and 
Clayton, 1994; Chew et al, 1995; Stripling et al., 1997; Huesmann and Clayton, 2006; 
Dong et al., 2009; Drnevich et al., 2012). The study of these responses has not only 
broadened our understanding of the neurobiology of sensory processing, it has also 
informed us about the molecular basis of sociality and social behavior (Robinson et al., 
2008; Clayton et al., 2009). 
 Much of this progress has been made using highly invasive methods or ones that 
require sacrifice of the animal, which limit their utility for longitudinal studies of how 
brain physiology changes with organismal behavior, development and experience. 
Recently, technologies for non-invasive functional imaging have begun to be applied in 
songbird research (Van Meir et al., 2005; Voss et al., 2007; Boumans et al., 2007; 
Boumans et al., 2008a; Poirier et al., 2009; Voss et al., 2010; Poirier et al., 2011). Among 
these technologies is diffusive optical imaging (DOI), which uses optic fiber optodes 
resting non-invasively on intact scalp (Villringer and Chance, 1997; Kato et al., 1993; 
Gratton and Corballis, 1995; Strangman et al., 2002). It measures brain activity by 
detecting changes in the optical properties of the brain using light wavelengths in the red 
and near-infrared range. Using a Near Infrared Spectroscopy (NIRS) approach to data 
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interpretation it is possible to estimate blood flow and oxygenation (Jobsis, 1977; 
Malonek and Grinvald, 1996; Frostig et al., 1990). Temporal resolution is excellent, and 
sampling rates of 50 Hz or more can be achieved. The spatial resolution is constrained by 
the number of optodes used and by the scattering properties of the medium but can in 
principle be sub-centimeter (Gratton and Fabiani, 2007). 
 For work with songbirds and other experimental animals, DOI has several 
practical advantages. It is relatively inexpensive to acquire and maintain and is therefore 
less susceptible to constraints common to large, institutionally-shared devices. It is also 
relatively portable and may be adapted and applied in diverse laboratory or animal 
housing environments. It safely measures intrinsic optical properties without requiring 
harmful injections or powerful magnetic fields (Gratton and Fabiani, 2007). Finally, with 
respect to measuring auditory tasks in songbirds, DOI runs silently and can be relatively 
motion tolerant if the optodes are properly coupled to the head (Strangman et al., 2002).  
 Development of the NIRS approach to study songbirds began with measurements 
of the optical properties of the zebra finch head by Ramstein et al. (2005), and a 
comparison of optical and fMRI responses to hypercapnia (Vignal et al., 2008). 
Responses to songs and calls have been demonstrated recently using a method termed 
Picosecond Optical Tomography (POT), which affords picosecond and submillimeter 
resolution along a strip of tissue (Mottin et al., 2011). Further improvements in methods 
are still needed, however, to advance NIRS as a standard technique for recording 
neurophysiological activities, potentially even in awake behaving birds.  
  Here we describe the design, construction and application of an apparatus for 
performing multichannel DOI using 3D computer modeling and rapid prototyping (Fig. 
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1), an approach that is both inexpensive and versatile. We also empirically measured 
extinction coefficients for the zebra finch across the red and near-infrared range for the 
chromophore species oxy- and deoxy-hemoglobin (HbO and HbR, respectively). Using 
this new information and our apparatus, we imaged wavelength intensity data from gas-
anesthetized birds during playback of song stimuli and derived the corresponding 
temporal profile of song-induced changes in [HbO] and [HbR]. 
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MATERIALS AND METHODS 
Animals 
 All experiments were performed under protocols approved by the University of 
Illinois Laboratory Animal Care Advisory Committee. Adult male zebra finches (at least 
90 days old) were bred and raised in an aviary of the Beckman Institute animal facility or 
purchased from vendors (Magnolia Bird Farm, Anaheim, CA). Birds were housed in 
pairs or three to a cage (35.6 cm long x 40.6 cm wide x 45.7 cm high) prior to use. All 
birds were kept on a 14/10 hour light/dark cycle. 
 
Stimuli 
 All presentations of song stimuli consisted of a 15s “triple-song” consisting of 3 
different 5s songs played back-to-back without pause. All songs were novel to this 
cohort. This stimulus was chosen because it was expected to elicit a strong response; past 
research found this stimulus to be particularly powerful for inducing a ZENK immediate 
early gene response (Mello et al., 1992; Kruse et al., 2000; Cheng and Clayton, 2004). 
Songs were played at an average sound intensity of 80 decibels. 
 
Task and General Procedures 
 Nine adult male zebra finches were individually exposed to 3 min silence 
baseline, followed by 7 trials of song stimuli consisting of the same 15s “triple-song” 
stimulus separated by variable interstimulus intervals (ISI). ISIs varied between 180s and 
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210s to avoid conflation of responses with pre-existing intrinsic rhythmicity (Elwell et 
al., 1999) or entrainment to regular stimulus presentation. ISIs were intentionally 
lengthened to ensure recovery of the hemodynamic response before the next stimulus 
onset. Approximately 3 more minutes of silence followed the last stimulus, for a total 
session duration of about 26 minutes. All measurements took place in a darkened room. 
Recording began once intensity measures were stable for 30 seconds.  
 
Recording Methods 
Placement of the recording device and anatomical co-registration 
 A male zebra finch head was scanned using SkyScan 1172 MicroCT (SkyScan, 
Kontich, Belgium), reconstructed into a digital volume using Amira software (Visage 
Imaging, Carlsbad, CA), and imported into a 3D modeling program, Maya (Autodesk, 
San Rafael, CA). A slice of this “virtual head” was chosen as the area to be imaged (Fig. 
1g). This slice contains the major auditory areas of the forebrain including field L (L), the 
avian analog of primary auditory cortex in mammals (Muller and Leppelsack, 1985); and 
the caudomedial nidopallium (NCM), the analog to secondary auditory cortex in 
mammals (Mello and Clayton, 1994). The slice also contains elements of the circuit 
responsible for song learning and production, including the magnocellular nucleus of the 
anterior nidopallium (MAN), a region important during juvenile learning of song; the 
robust nucleus of archipallium (RA), an important area for the motor production of song 
which receives input from L or the area around it (specifically the RA cup) (Mello and 
Ribeiro, 1998; Kelley and Nottebohm, 1979); and the hyperpallium apicale (HA), the 
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origin of the avian pyramidal (a.k.a. corticospinal) tract (Wild and Williams, 2000). In 
this plane, eight evenly spaced spokes were drawn radially, extending from the center of 
this area. Their intersections with the virtual head surface marked the optode contact 
points. Virtual optodes were placed at these intersections and adjusted to be normal to the 
head surface (Fig. 1a). 
 Optode placement was designed to intersect NCM; its location relative to the 
virtual head was estimated based on an overlay of microCT X-ray images and camera-
lucida images depicting the NCM (Terpstra et al., 2004). Intersection of the source-
detector plane with the NCM was later verified by warping the 3D MRI atlas (Poirier et 
al., 2008) to the brain-case of our virtual head (Fig. 1b) using Amira software (a current 
version of the tutorial can be found here: 
http://walnut.zib.de/documentation/521/amira/usersguide/tutlandmarks.html). The 
warping allowed us to approximate neuroanatomical areas present in the MRI atlas in the 
skull we used for our 3D modeling. The composite brain was fitted to our virtual skull 
(Fig. 1c, 1d), allowing us to demonstrate that the source-detector plane intersects with our 
region of interest (Fig. 1e, 1f, 1g).  
 A frequency domain oximeter (ImagentTM, ISS Inc., Champaign, IL) recorded 
intensity produced by laser diode sources carrying 690 nm and 830 nm light modulated at 
100 MHz and multiplexed through each light source every 16 ms on four photomultiplier 
tube (PMT) detectors. DC (direct current, i.e., overall light intensity) and AC (alternating 
current, i.e., modulated light intensity) were recorded. Four source pairs (each composed 
of a 690 nm and an 830 nm light source) and four detectors were placed on opposite sides 
of the head to maximize light diffusion; imaging was therefore based on transmission of 
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light through the head, and was sensitive to absorption and scattering changes in tissue. 
The eight individual sources were time-multiplexed so as to allow for the separate 
measurement of each source-detector pair. 
 
Animal Interfaces 
 The anesthetized animal interface (Fig. 2) allows gas anesthesia delivery while 
keeping the head available for imaging. It uses an optode guide-crown to hold relatively 
stiff glass-core optic fibers. Guide-crown height is adjusted by turning a knob on a 
precision leadscrew. Source optodes consisted of 0.4 mm (when jacket is stripped) optic 
fibers physically paired to form a 0.8 mm double-tipped end to allow presentation of both 
690 nm and 830 nm wavelengths at each source position. 0.3 optical density Kodak 
Wratten filters were fitted to the ends of source fibers to reduce overall light intensity. 
The detector fibers also were 0.4mm in diameter (stripped of jacket), and number 29 deep 
red Kodak Wratten filters were placed at the ends of detector fibers to protect detectors 
from room light during set-up and take-down of the experiment.  
 Interface designs were physically realized using a Viper si Stereo Lithography 
Apparatus (3D Systems, Rock Hill, SC), a FDM 3000 Fused Deposition Modeling 3D 
printer (Stratasys, Eden Prarie, MN), and custom-made parts. 
 
Subject Preparation 
 Subjects were isolated at least 1 hour prior to recording. Room temperature was 
adjusted to 80ºF to protect subjects during anesthesia. Subjects were placed in an 
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anesthesia induction chamber and exposed to 3% isoflurane carried on medical air (79% 
nitrogen, 21% oxygen) at 1 L/min (Boumans et al., 2007). Subjects were wrapped in a 
restraining jacket and secured in the anesthetized animal interface. The line of the ventral 
border of the upper beak was adjusted to 57 degrees relative to horizontal. The head was 
centered and lightly restrained on both sides by moveable arms. The height of the fiber-
optic-holding crown was adjusted relative to beak length. Head feathers were gently 
brushed aside using a wet cotton swab to expose the scalp.   
 The optodes were gently lowered until they contacted the scalp. Laboratory 
labeling tape affixed to the guide-crown was crossed over the fiber to secure them in 
place. Room lights were turned off to check for stable light intensities. Optodes were 
readjusted by the preceding procedure until stable light intensity (AC) measures could be 
maintained. Isoflurane level was adjusted to 1.5% at 0.4L/min maintenance level and five 
minutes were given for the subject to stabilize. 
 
Absorption Spectra Determinations 
 The optical responses are expected to be dominated by changes in light absorption 
by oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR), and therefore 
the intensity values can be converted to estimates of changes in [HbO] and [HbR] using 
the modified Beer-Lambert law (Wray et al., 1988). For this conversion we used 
differential path lengths measured from the zebra finch head (Ramstein et al., 2005) and 
extinction coefficients measured from zebra finch hemoglobin rather than those reported 
for mammalian species to account for species-specific idiosyncrasies. The extinction 
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coefficients were obtained for both HbO and HbR (Wray et al., 1988; Hanash and 
Shapiro, 1981).  
 The absorption spectrum for zebra finch hemoglobin (Fig. 3) was measured from 
hemoglobin isolated from pooled whole blood collected from 9 (male and female) adult 
zebra finches, washed with phosphate buffered saline, and lysed with cold deionized 
water. Buffy coat was separated by centrifugation.   
 The absorbance spectrum for oxy-hemoglobin (HbO) was measured in a Cary 300 
UV-VIS spectrophotometer (Varian Inc., Lake Forest, CA) after Hb was allowed to 
saturate in air.  To obtain values for HbR, purified hemoglobin was placed in an anoxic 
chamber and gently pipetted for 30 s. The cuvette was sealed with a rubber septum within 
the anoxic chamber prior to measurement. To double-check hemoglobin reduction, a 
second reading was taken after returning the cuvette to the anoxic chamber and adding 
several micrograms of dithionite.   
 Protein concentration, necessary for calculation of extinction coefficients, was 
determined by amino acid analysis ((MOORE and STEIN, 1948).  This involved 
hydrolysis in hydrochloric acid followed by quantitation by gas chromatography and 
mass spectrometry. Protein concentration was further verified by bicinchoninic acid 
(BCA) assay (Olson and Markwell, 2007).   
 
Optical Data Analysis 
 Data were processed using programs custom-written using MATLAB 
(MathWorks, Natick, MA). Raw data were sorted based on channel (source and detector 
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pair) for all 32 channels. Since light sources were paired together, the 32 channels 
represent 16 light paths.  
 Sorted data were normalized: intensity data were divided by the mean intensity 
across the recording period, resulting in proportional change values. The data were then 
curve-fitted to a third order polynomial, which was then subtracted from the data to 
remove slow changes and drifts.  Data were then filtered using a band-pass Butterworth 
filter of 0.05 - 0.5 Hz.   
 AC data is presented because, compared to DC data, they are relatively tolerant to 
changes in ambient light levels and therefore better represent biological activity. Data 
were converted to hemodynamic measures using the Modified Beer Lambert Law 
(MBLL;(Wray et al., 1988)), which implicitly assigned all changes to absorption. MBLL 
requires the use of several constants: the mean reduced scattering coefficient measured 
from zebra finch (Ramstein et al., 2005) through a path estimated to go through the 
higher auditory areas NCM and field L is 4.857/mm.  This was the best measured 
estimate we could use for this coefficient, and we used the same coefficient for all light 
paths although they may have passed through different tissue and geometry. We used the 
extinction coefficients measured from pooled zebra finch hemoglobin as described above 
(Fig. 3). 
 
Mapping Procedures 
 Channel data were combined using back-projection from 16 paths to show an 
approximation of the spatial distribution of activity in two-dimensions. A matrix was 
weighted based on a model of light diffusion and created using a simplified form of the 
- 54 - 
 
Boltzmann transfer equation applied to each optode location (Fishkin and Gratton, 1993). 
This weighting matrix is based on the probability that recorded light intensities can be 
represented in a voxel based on the voxel’s distance to sources, detectors, and the surface 
of the head. It assumes the head is a homogeneous medium and that the only border 
exists at the scalp of the imaged slice (Fig. 4b). These maps should be taken to represent 
approximations of activity location. Maps created for [HbO], [HbR], and total 
hemoglobin concentration ([HbTot]) are shown in (Fig. 6). 
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RESULTS 
Determination of Extinction Coefficients 
 Extinction coefficients were measured from zebra finch blood (Fig. 3). These 
values allow changes in oxy- and deoxyhemoglobin levels to be calculated from changes 
in light intensity values. The shape of the spectra and the values of these measured 
coefficients were similar to values found for mammals; however, the wavelength at 
which the spectra for oxy- and deoxyhemoglobin intersect, the isosbestic point, occurs at 
a longer wavelength in the zebra finch than it does in mammals. In the zebra finch, the 
isosbestic point is between 870 nm and 880 nm. While our source wavelengths would 
straddle the isosbestic point of mammals, for the zebra finch both our source wavelengths 
are shorter than the isosbestic point.  
 
Description of the Optical and Hemodynamic Response 
 The time course of the optical response is revealed in the grand mean of all 
channels, trials, and subjects (Fig. 4). The transmitted 690nm light intensity increased 
immediately after stimulus onset and peaked at approximately 2s after stimulus onset 
before reversing direction. This reversal of direction was larger in magnitude in 
comparison with the initial peak and reached its nadir between 5s and 7s after stimulus 
onset. A decrease was observed in 690nm intensity that began 0.7 – 0.8s after stimulus 
offset and reached its nadir between 2.5 and 3s after stimulus offset.  
 The optical response recorded at 830nm was smaller in magnitude than the 
response recorded at 690nm. The initial increase in transmitted 830nm light intensity 
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occurs just after the stimulus and then begins decreasing 5s after stimulus onset (Fig. 4). 
Conversion of these data to represent change in [HbO], [HbR], and [HbT] reveals the 
time course of the hemodynamic response. In both awake and anesthetized birds we 
observe three distinct phases in the response as it develops after stimulus onset (labeled I, 
II, and III on the right side of Fig. 4). During phase I there is a large initial increase in 
[HbO] with a small decrease in [HbR] resulting in an overall increase in [HbT]. This 
initial response shares features of hemodynamic (BOLD, blood-oxygen level dependent) 
responses measured in other species, including humans (Villringer and Chance, 1997; 
Berwick et al., 2002; Malonek et al., 1997; Hoshi and Tamura, 1993). Phase II 
immediately follows phase I and is marked by a dramatic reversal, with [HbO] and [HbT] 
now decreasing below baseline and [HbR] increasing. Phase III emerges 16-17 sec after 
stimulus onset and may represent a response to stimulus offset (at 15 sec). The optical 
responses to stimuli were robust and consistently elicited in single trials (Fig. 5). In each 
trial the three phases of the response can be seen.  
 
Response Localization 
 We created spatial representations (maps) of recorded activity using back-
projection of channel data. The responses in the first trial of the first tested subject are 
shown as representative responses (Fig. 6). Colors represent relative change: positive 
changes are depicted in red tones, negative changes in blue tones, and levels close to 
baseline in green tones. Separate maps are shown for change (relative to baseline) in 
[HbO], [HbR], and [HbT], as measured at 17 different time points before and after onset 
of the song stimulus and corresponding to the peaks and valleys from Fig. 4. The 
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anatomical orientation of the maps is depicted in Fig 6b, which is derived from merged 
microCT and MRI data as described in Methods. It is important to stress that this image 
serves only to inform the reader of the anatomy underlying the areas directly between the 
light sources and detectors rather than to suggest precise correspondence between Fig. 6a 
and the anatomy shown in the MRI image of Fig. 6b. Further work will be necessary to 
determine the degree of registration between our spatial representations of optical data 
versus a standard reference such as one produced using fMRI, ideally by performing DOI 
simultaneously. Activity maps in Fig. 6 localize the greatest activity to the caudal and 
medial portions of the brain, consistent with prior evidence from gene expression, 
electrophysiological recordings and fMRI.  However the anatomical resolution appears 
coarse, and does not sharply outline an anatomical boundary or any internal structure for 
the song responsive region. For example, the maps do not resolve Field L from NCM, 
adjacent subareas where different auditory responses have been extensively 
demonstrated. Nevertheless, these maps demonstrate sensitivity to spatial change.  
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DISCUSSION 
 This study demonstrates a strategy for using non-invasive diffusive optical 
imaging to monitor broad regional brain activities in the zebra finch.  We used 3D 
modeling software and rapid prototyping to achieve a high level of control and flexibility 
over the design of the physical interface. This interface is compatible with repeated 
measurements over time from the same animal and should be readily adaptable to 
recording from awake birds (ms. in prep) and potentially even from behaving animals. 
The time course of the hemodynamic response revealed in this study may be helpful for 
designing future experiments using fMRI, as alluded to by (Poirier et al., 2009). Image 
resolution using fMRI may also be improved by timing acquisition to specific phases of 
the response (Chen-Bee et al., 2007; Zhao et al., 2007a; Zhao et al., 2007b). Our results 
corroborate several previously reported results in zebra finch (Mottin et al., 2011), but 
with some key differences.  
 
Description of the Response 
 The optical response to auditory stimuli is robust, reliable, and complex for lightly 
isoflurane anesthetized subjects (Fig. 4 and 5) and the response can be seen in single 
trials (Fig. 5). The hemodynamic response follows a recognizable pattern in Phase I (Fig. 
4) in comparison to those found in anesthetized mammals (Malonek and Grinvald, 1996; 
Malonek et al., 1997). The increased oxygenation of phase I is similar in appearance to 
the BOLD response recorded using fMRI reported by Voss et al. (2007), and is consistent 
with the finding in highly vascularized brain areas such as the neo-cortices of mammals 
demonstrating a relative overabundance of oxygenated hemoglobin (Malonek and 
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Grinvald, 1996; Fox and Raichle, 1986; Ekstrom, 2010). The shape of the optical HbR 
response is expected to be inverted compared to the BOLD fMRI response since BOLD-
contrast originates from paramagnetic HbR formed when oxygen is lost from 
diamagnetic HbO (Ogawa et al., 1990).  
 After the BOLD-like response of phase I (Fig. 4), [HbO] and [HbT] dipped 
dramatically from about 2s to 7s after stimulus-onset. There was a correspondingly 
dramatic increase in [HbR]. Together, these define a distinct second phase of the 
hemodynamic response (Fig. 4, phase II). An equivalent phase II component of the 
hemodynamic response has not been specifically reported in fMRI or optical imaging 
studies using isoflurane on the zebra finch (Poirier et al., 2009; Mottin et al., 2011; 
Boumans et al., 2007) nor in studies involving anesthetized rats or cats (Berwick et al., 
2002; Zhao et al., 2007a; Zhao et al., 2007b). While it logically follows that [HbO] and 
[HbR] would change in opposite directions, it is interesting to note that [HbT] is 
decreasing. This apparent decrease could be interpreted at face value as a net relative 
blood flow out of the area of activation, perhaps due to vasoconstriction. Alternatively, 
this could be an artifact, perhaps of a change in light scattering which has not been 
unaccounted for. 
 Shortly after stimulus offset there is an undershoot (Fig. 4, phase III) 
corresponding to a decrease in [HbO] and an increase in [HbR]. Similar findings have 
previously been reported in mammalian studies (Malonek and Grinvald, 1996; Malonek 
et al., 1997; Chen-Bee et al., 2007). This phase of the response may be caused by blood 
vessel compliance (Chen-Bee et al., 2007; Mandeville et al., 1999). 
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 Our results share important similarities to the results reported by Mottin et al , 
(Mottin et al., 2011). Specifically, both our findings and theirs for HbR demonstrate 
highly similar phase I (BOLD) and III (undershoot) behavior. 
 Our results also differ in a key way. The behavior of the HbO response described 
in this study is almost the inverse of what is shown by Mottin et al. Our data show an 
immediate increase in [HbO] after stimulus onset, which peaks at 2 seconds while Mottin 
et al shows HbO dropping to low levels around 2 seconds after stimulus onset. Where we 
find HbO to decrease in phase II, Mottin et al show an increase. Finally, although our 
respective findings demonstrate a nearly identical timing of HbO changing at stimulus 
offset (phase III), the direction of the change reported here (undershoot) is exactly 
opposite to what Mottin et al report (overshoot; i.e. - “post-stimulus BOLD”).  
 The findings reported here, in contrast to those reported by Mottin et al, appear to 
agree more clearly with precedence from mammalian studies. In mammals, the delivery 
of oxygenated blood is in excess of what is used. This is thought to happen due to 
increase of blood flow and volume into tissue (Malonek and Grinvald, 1996; Fox and 
Raichle, 1986; Ekstrom, 2010). Likewise, the BOLD response reported here also occurs 
with an increase, rather than a decrease, in [HbO].  
 We suggest that the discrepancy between our findings and those of Mottin et al is 
due to the different extinction coefficients for HbO and HbR that we used for our 
respective calculations; we calculated the extinction coefficients from absorbance values 
measured using oxygenated and deoxygenated zebra finch hemoglobin (see Methods; 
Fig. 3) while Mottin et al used extinction coefficient values from mammals (Mottin et al., 
2011). Although the difference between zebra finch and mammalian values is subtle, the 
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zebra finch isosbestic point is found at a longer wavelength than it is in mammals. This 
means, for all wavelengths shorter than approximately 870 nm to 880 nm, which would 
include both our source wavelengths, 690 nm and 830 nm, HbR is responsible for 
absorbing a greater proportion of light than HbO. In contrast, with the shorter isosbestic 
point of mammals, the proportion of light absorbed at 690 nm is more greatly represented 
by HbR than HbO while the proportion of light absorbed at 830 nm is more greatly 
represented by HbO than HbR. Hence, the usage of mammalian absorption spectra values 
for calculating zebra finch hemoglobin concentrations will result in values which are 
incorrect and opposite in sign whenever a wavelength greater than the mammalian 
isosbestic point but less than the zebra finch isosbestic point is used.  
 This explanation for the discrepancy might also help resolve some of the 
peculiarities reported from an earlier study using mammalian extinction coefficients to 
calculate [HbO] and [HbR] (Vignal et al., 2008); in this study total hemoglobin levels 
were found to slightly decrease in response to hypercapnia – a result which opposite from 
what has been observed in mammals (Wegener and Wong, 2008; Martin et al., 2006).  
 Substitution of mammalian for zebra finch extinction coefficients might also 
explain why the novel post-stimulus BOLD responses reported in Mottin et al have not 
been reported previously. If these post-stimulus BOLD responses are, instead, actually 
post-stimulus undershoots as we observe (Fig. 4), then the findings would agree with 
precedents evident from mammalian and human optical imaging studies (Malonek et al., 
1997; Franceschini et al., 2003) as well as findings from zebra finch fMRI (Boumans et 
al., 2007; Voss et al., 2007). 
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 It is also possible that the discrepancy between the present study and Mottin et al 
may be explained by procedural differences such as level of anesthesia or arrangement of 
light source and detector. For instance, the present study transmitted light across the skull 
using sources and detectors placed on opposite sides of the head. By using multiple 
optodes surrounding the head, we sampled the aggregate activity of a large area of the 
brain. On the other hand, Mottin et al specifically target the caudal medial area of the 
brain (including NCM) by illuminating the head using a white laser and detecting the 
emerging light along a slit with an incredible resolution of 250μm from the same side of 
the head (Mottin et al., 2011; Vignal et al., 2008; Ramstein et al., 2005). 
 Irrespective of the discrepancy, it is important to note that the application of 
diffusive optical methods in birds is new and may produce results that cannot be 
interpreted in the same way as those in mammalian studies. There exist optical properties 
that have not yet been accounted for in models based on mammalian data. An important 
example of this is avian red blood cell (RBC): these contain nuclei and organelles 
(Stevens, 1996) which are absent from mature mammalian RBCs but are primary 
contributors to light scattering in tissues (Mourant et al., 1998; Beauvoit et al., 1995). 
 It is also possible that the DOI technique is unmasking physiological processes 
that are not captured in a purely hemodynamic interpretation of the data. Changes in 
neural activity have been reported to alter the light scattering properties of brain tissue 
(Malonek and Grinvald, 1996; Rector et al., 1997; Stepnoski et al., 1991; Gratton et al., 
1995). Our calculations also assume constant tissue absorption and scattering coefficients 
across different brain regions and over the duration of the experiment. As Ramstein et al 
(2005) and others (Kocsis et al., 2006) have noted, these coefficients may change with 
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different paths or activity. Eventual incorporation of these variables into our analytical 
models may allow additional physiological information to be extracted from DOI 
measurements. 
 
Response Localization 
 The activity maps generated using back-projection show that the response to 
auditory stimuli is largely localized to the caudal and medial portions of the brain (Fig. 
6), very closely corresponding to the NCM and auditory response areas of the avian 
forebrain. This general area of localization is consistent with those previously shown to 
be activated using fMRI in response to auditory stimuli (Boumans et al., 2008a; Poirier et 
al., 2009; Boumans et al., 2007; Voss et al., 2007; Boumans et al., 2008b).  
 Despite the strong correspondence between our mapped responses and our a priori 
expectations for localization, our localization model requires further validation. It is 
possible that our model was incidentally correct in displaying the location of greatest 
activity, and future studies may focus on fine-tuning our model versus a more established 
imaging modality such as fMRI or utilizing stimuli of other sensory modalities such as 
vision which would map to different parts of the avian brain. That being said, the maps of 
the auditory response demonstrate evolution and lability over time. The most apparent 
change in location of peak activity can be seen in the images of Δ[HbO] in Fig. 6a. This 
would suggest that the predominant caudomedial localization of activity using our multi-
channel method is not some simple signal processing artifact of signal processing. Future 
improvement in the quality and spatial resolution of the maps may be obtained by 
increasing the number of recording channels and their spatial overlap, decreasing optode 
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size, adding more wavelengths, improving our model of photon transport, taking more 
precise measurements of optical coefficients, and using better image reconstruction 
algorithms.  
 Notwithstanding these limitations, the data clearly indicate the feasibility and 
usefulness of our approach to non-invasive diffusive optical imaging.  
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CHAPTER 2 FIGURES 
a
b c d
e f g
 
Fig 1. Optic fibers were coupled to the zebra finch scalp by designing and building 
interfaces around a scanned and digitized head. a Several views of the optode 
arrangement relative to the zebra finch head. b Optode arrangement is based on location 
of NCM. Visualization of NCM relative to the skull was accomplished by warping (in 
blue) the MRI zebra finch atlas (Poirier et al., 2008) with (in red) the brain-case of our 
digitized head to form a composite brain (yellow). See Methods for details. c The 
composite brain is fitted to the skull of our virtual head. The top part of the virtual head is 
removed to reveal the composite brain. d Mid-sagittal cut-away view of Fig. 1c showing 
the fitted MRI atlas. e A closer parasagittal and f horizontal view reveal brain areas 
relative to the optodes. The primary auditory area, Field L, serves as a landmark (dark 
area indicated by red arrow). g Closer view of the anatomical areas interrogated by the 
- 74 - 
 
light paths from optodes to detectors. NCM = caudomedial nidopallium; L = field L; Cb 
= cerebellum; LMAN = lateral magnocellular nucleus of the anterior nidopallium; HA = 
apical part of the hyperpallium; and RA = robust nucleus of the arcopallium (Poirier et 
al., 2008; Reiner et al., 2004; Nixdorf-Bergweiler and Bischof, 2007 [cited 24 Mar 
2010]). 
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a b
 
Fig 2. a The apparatus for anesthetized-birds allows delivery of gas anesthesia while 
leaving the head free. Optodes are held in a crown that can be precisely lowered using a 
leadscrew. b A different angle of the apparatus showing a bird under gas anesthesia prior 
to having the guide-crown lowered. 
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Fig 3. Absorption spectra for zebra finch HbO (red) and HbR (blue). Extinction values 
are highlighted for 690nm and 830nm by the vertical double lines. The isosbestic point 
for zebra finch (Taeniopygia guttata) hemoglobin is between 870nm and 880nm, which is 
at a longer wavelength than it is for mammalian hemoglobin. 
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Fig 4. Grand mean AC intensity and hemodynamic responses of all subjects, channels, 
and trials during 15s song playback (yellow area shows when song was played). 
Bandpass filtered AC intensity values are shown on the left. Red lines are intensity values 
for 830nm; blue are for 690nm. These intensity values were used to estimate 
hemodynamic changes (on the right) by using the modified Beer-Lambert Law. Red, 
blue, and green lines show relative change from baseline in oxy-, deoxy-, and total 
hemoglobin concentrations, respectively. Dotted lines show respective standard errors for 
each time point calculated from the variance of all channels, subjects, and trials. The y-
axis shows change relative to baseline in arbitrary units. Three distinct phases of the 
response are indicated by I, II, and III. 
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Fig 5. Mean hemodynamic response of all subjects and channels, displayed by trial. Red, 
blue, and green lines show relative change from baseline in oxy-,deoxy-, and total 
hemoglobin concentrations, respectively. Dotted lines show respective standard errors for 
each time point  (errors are too small to be visible). Y-axis is in arbitrary units of change 
in concentration relative to baseline. Responses to the same stimulus were repeatable 
across trials and consistent in showing the three phases mentioned in Fig. 4.  
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Fig 6. Localization of responses: Hemodynamic activity maps showing spatiotemporal 
development of the response to the first presentation of the song stimulus for one subject 
(we arbitrarily chose to show the first subject). a Each map represents activity in the area 
shown in Fig. 1g. Greener colors correspond to baseline levels, redder colors indicate 
increases, and bluer colors indicate decreases. Time points are relative to stimulus onset 
and roughly trace the evolution of the response shown in Fig. 4. Brackets on the left side 
of the figure correspond to the approximate timing of response phases. Time is in seconds 
relative to stimulus onset (Note: the stimulus is 15s in duration), the gray box in the 
background represents time when stimulus was playing. b Enlarged versions of the boxes 
highlighted in red from Fig. 6a are shown below an anatomical slice of brain from the 
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zebra finch MRI atlas. Maps crudely approximate areas of changes relative (and not 
absolute) to baseline. The color scale for these images was adjusted to prevent clipping. 
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CHAPTER 3: STIMULUS-SPECIFIC HEMODYNAMIC RESPONSES 
RECORDED IN AWAKE ZEBRA FINCHES USING DIFFUSIVE OPTICAL 
IMAGING 
 
 
Chapter 3 is a draft in progress that expands upon Aim 1 to measure reliable signals. 
Here, signals will be recorded from un-anesthetized zebra finches. Chapter 2 also 
addresses Aim 2: Determine stimulus specificity of auditory optical response.  
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ABSTRACT 
 Diffusive Optical Imaging (DOI) is a noninvasive method for measuring brain 
activity. Its application to songbird neuroscience may produce unique opportunities for 
monitoring responses to birdsong exposure. A previous study from this lab demonstrated 
the feasibility of using our implementation of DOI to record robust, reliable, complex, 
and localizable responses in the brain in response to playback of birdsong. Like studies 
applying functional magnetic resonance imaging (fMRI) or optical imaging to songbirds, 
our previous study pharmacologically stabilized subjects for imaging by using isoflurane. 
 Here we describe application of DOI to awake unanesthetized zebra finches, 
Taeniopygia guttata, exposed to conspecific birdsong versus tones. This was 
accomplished by expanding upon design methods described in our earlier study to create 
a helmet-interface to couple optic fibers to the scalp. Measurements in awake birds reveal 
different features and latencies in the hemodynamic response compared to measurements 
from lightly isoflurane anesthetized birds. The optically-measured hemodynamic 
response also demonstrates striking stimulus-specificity to conspecific birdsong versus to 
a series of tones.  
 These data demonstrate the feasibility of recording meaningful optical responses 
from awake songbirds using a helmet interface. The importance of this approach is 
underscored by the discrepancy between awake and anesthetized responses. DOI allows 
inexpensive and rapid measurements to be taken from both anesthetized and awake 
songbirds. This may be useful for interpreting hemodynamic responses recorded while 
using anesthesia.  
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INTRODUCTION 
 Diffusive optical imaging (DOI, or sometimes diffuse optical imaging) is a 
functional imaging method that measures changes in the optical properties of the head 
using light in the red to near-infrared range. Light is carried to and from the head by fiber 
optics (optodes) which can be applied noninvasively to the scalp (Villringer and Chance, 
1997; Kato et al., 1993; Gratton and Corballis, 1995; Strangman et al., 2002). Since it 
leaves subjects unharmed, DOI has the potential to measure brain activity while tasks are 
being learned or over the course of development. It also offers benefits in terms of cost, 
safety, maintenance, and portability in comparison to other imaging methods (Gratton 
and Fabiani, 2007). 
 The application of optical imaging methods to songbirds is newly emerging 
(Ramstein et al., 2005; Vignal et al., 2008; Keary et al., 2010; Mottin et al., 2011, Lee et 
al., 2012 submitted). For songbird research an optical method which is also noninvasive 
is desirable because it may someday allow monitoring of brain activity over a large area 
as cognitive processes are occurring; for example, as the experience of a novel stimulus 
transitions to familiarity in a process called song habituation (Mello et al., 1995; Stripling 
et al., 1997; Dong and Clayton, 2009). It may also be possible to monitor brain activity 
over the course of development; perhaps during the period when sensory memory 
templates transition into motor programs (Konishi, 2004; Konishi, 1965; Nottebohm, 
1981; Bolhuis and Gahr, 2006). Since subjects are not harmed, these measures may be 
made within the same subject and while using a longitudinal approach (Lee et al., 2012 
submitted). 
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 Alone, DOI may yield insights relating to metabolic activities and changes in the 
brain since it measures the delivery of oxygen to tissue (Jobsis, 1977; Malonek and 
Grinvald, 1996; Frostig et al., 1990). Its propensity to work well alongside or in 
conjunction with other research methods, however, may be more exciting. Since 
molecular methods require tissue and often whole brain dissection, they capture are a 
single snapshot at the time of sacrifice. A foreseeable application for DOI is to serve as a 
method of phenotyping songbirds for molecular analysis. By providing more information 
to understand the context in which a gene is activated, or by helping to assess the state of 
the brain at different timepoints either during or after an experimental manipulation, DOI 
may help to fill in missing information to decipher the function of a gene.  
 By developing an inexpensive, simple, yet effective implementation of DOI, we 
hope to promote wider adoption and exploration of DOI in songbirds. Expanding upon 
our previous design strategy (Lee et al., 2012 submitted), we designed a helmet to 
interface optodes to the bird's scalp (Fig. 7). This helmet was designed using 3D 
modeling programs and produced using rapid prototyping. It uses the same fiber 
placement as described in our previous paper (Fig. 7a; Lee et al., 2012 submitted). With 
fibers affixed to the head, we were able to measure from birds which were fully awake 
and not under any form of anesthesia. 
 Using the same stimulus (a series of three zebra finch birdsongs played back-to-
back for 15s) as our previous study, we were able to compare the time courses of the 
optical hemodynamic response in awake and lightly isoflurane anesthetized zebra 
finches. We also show the awake bird response to a shorter song stimulus (single songs of 
5s), and the comparison to a 5s series of tones.  
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 The recording of optical responses in awake-birds is the most innovative aspect of 
this study, making it possible to apply DOI to a range of paradigms in which naturalistic 
settings are essential.  The current study also allows the results obtained from awake and 
anesthetized birds to be compared; this is important for assessing the effects of anesthesia 
on hemodynamic brain function, and the inferences made from anesthetized bird data. 
Finally, this study compares the response to conspecific birdsong to a series of tones to 
demonstrate the stimulus-specificity of the response.  
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MATERIALS AND METHODS 
Animals 
 All experiments were performed under protocols approved by the University of 
Illinois Laboratory Animal Care Advisory Committee. Adult male zebra finches (at least 
90 days old) were bred and raised in an aviary of the Beckman Institute animal facility or 
purchased from vendors (Magnolia Bird Farm, Anaheim, CA). Birds were housed in 
pairs or three to a cage (35.6 cm long x 40.6 cm wide x 45.7 cm high) prior to use. All 
birds were kept on a 12 hour light/dark cycle. 
 
Stimuli 
 Song stimuli for the comparison of awake bird to isoflurane-anesthetized bird 
from our previous study (Lee et al., 2012 submitted) consisted of a 15s “triple-song” 
consisting of 3 different 5s songs played back-to-back without pause. All songs were 
novel to this cohort.  
 Single songs were recorded from isolated male zebra finches from our aviary. The 
birds from which songs were recorded were reared separately from subjects used for this 
study. A song stimulus of 5s duration was prepared to allow comparison of “triple-song” 
to a single song.  
 Tone stimulus for the comparison to single song consisted of a 5s sequence of 
ascending and descending tones lasting 150 msec with a 10 msec rise and fall time and 
110 msec intertone interval.  Tones ranged from 1 kHz to 7 kHz. Tones were created 
using custom-designed software (C.-Y. Yen, R. A. Mauck, and S. F. Volman) for a 
Macintosh IIci computer (Volman, 1996). They were used previously by this lab to test 
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single-unit firing during song versus tone in the caudomedial nidopallium (Stripling et al., 
1997). 
 All stimuli were presented at an average sound intensity of 80 decibels.   
 
Task and General Procedures 
Awake bird response 
 Four adult male zebra finches were individually exposed to 10s silent baseline, 
followed by 4 trials of stimulation consisting of the same 15s “triple-song” stimulus 
separated by interstimulus intervals (ISI) which varied between 15s and 25s.  Variable 
rather than constant ISIs were used to avoid conflation of responses with pre-existing 
intrinsic rhythmicity (Elwell et al., 1999) or entrainment to regular stimulus presentation.  
 The previous study with anesthetized birds indicated that the hemodynamic 
response completely recovered within less than 15 seconds, so ISIs were intentionally 
shortened to minimize potential stress to the animal. Approximately 5 more seconds of 
silence followed the last stimulus for a total session duration of just over 2 minutes. All 
measurements took place in a darkened room.  Recording began once intensity measures 
were stable for 30 seconds.   
 
Song versus Tone  
 Two groups of three adult male zebra finches (for a total of six) were individually 
exposed to one of two variations of stimuli presentation: 1) alternating songs and tones 
for six trials starting with song, or 2) alternating tones and songs for six trials starting 
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with tone. ISIs were either 20 or 25 seconds and arranged in no particular pattern or 
order. The pattern of ISIs was the same between the two groups.  
 
Recording Methods 
 A frequency domain oximeter ( Imagent™, ISS Inc., Champaign, IL) recorded 
intensity and produced by laser diode sources carrying 690 nm and 830 nm light 
modulated at 110MHz and multiplexed through each light source every 16ms on four 
photomultiplier tube (PMT) detectors. DC (direct current, i.e., overall light intensity) and 
AC (alternating current, i.e., modulated light intensity) were recorded. Four source pairs 
(each composed of a 690 nm and an 830 nm light source) and four detectors were placed 
on opposite sides of the head to maximize light diffusion; imaging was therefore based on 
transmission of light through the head, and was sensitive to absorption and scattering 
changes in tissue. The eight individual sources were time-multiplexed so as to allow for 
the separate measurement of each source-detector pair.  
 
Helmet Interface Design 
 A helmet interface with two hemispheres that snap together and a flexible “chin-
strap” (Fig. 7b, 7c, 7d) was designed to suit a digitized male zebra finch head (Fig. 7a). 
The preparation of this digitized head was described in an earlier paper (Lee et al., 2012 
submitted). Similar to the design process described in that paper, the helmet was designed 
using a 3D modeling program, Maya (Autodesk, San Rafael, CA). The placement of the 
helmet can be adjusted by aligning landmarks on the helmet with the center of the eyes 
and ears. Optodes were precisely advanced through threaded ports.  
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 Optodes were created in identical fashion to our prior description (Lee et al., 2012 
submitted). Optode tips were then fused end-to-end with flexible plastic fibers inside 
hypodermic tubing filled with UV-activated index-matching glue. This procedure was 
sufficient to reduce the overall light intensity without the need for neutral density filters 
described previously (Lee et al., 2012 submitted). These plastic optic fibers are lighter 
and more flexible than glass-core fiber optics making them easier to use in awake 
animals. 
 Interface designs were physically realized using a Viper si Stereo Lithography 
Apparatus (3D Systems, Rock Hill, SC), a FDM 3000 Fused Deposition Modeling 3D 
printer (Stratasys, Eden Prarie, MN), and custom-made parts. 
 
Subject Preparation 
 Subjects were isolated at least 1 hour prior to recording. Room temperature was 
adjusted to 80F to match conditions used during the experiment described in our previous 
study using anesthesia (Lee et al., 2012 submitted). Room lights were dimmed to reduce 
stress. Subjects were held in hand and the head feathers were brushed aside using a wet 
cotton swab to expose the scalp. The helmet was snapped in place and individual fibers 
were lightly threaded into place. A hole in the top of the helmet allowed fiber contact to 
be verified. The helmet was adjusted to landmarks and the fibers were advanced against 
the scalp to tighten the fit of the helmet. The stress of handling and recording were 
decreased by avoiding feather removal. The bird remained held in hand for the duration 
of the measurements. Room lights were turned off to check for stable light intensities. 
Optodes were readjusted by the preceding procedure until stable AC measures could be 
- 91 - 
 
maintained. Once the subject was calm a mouse click notified the handler that data were 
being recorded. 
 To control for the effect of handler on the bird (“Clever Hans Effect”), two 
additional subjects were tested using the same protocol – one bird was used for each of 
the two variations of song versus tone presentation. The handler remained holding the 
subject while listening to music played from an 8GB 2nd generation iPod Touch (Apple, 
Inc., Cupertino, CA) on Sennheiser noise cancellation headphones (Sennheiser Electronic 
Corporation, Old Lyme, CT). Handler was tested for ability to hear prior to start of 
experiment. Handler was blind to start-time of recording. 
 
Optical Data Analysis 
 Optical data was analyzed using methods described previously (Lee et al., 2012 
submitted). Changes in light absorption by oxy-hemoglobin (HbO) and deoxy-
hemoglobin (HbR) are assumed to be the dominant cause for the measured changes in 
light intensity. Based on this assumption, intensity values are converted to estimates of 
changes in [HbO] and [HbR] using the modified Beer-Lambert law (Wray et al., 1988). 
For this conversion we used differential pathlengths measured from the zebra finch head 
(Ramstein et al., 2005) and extinction coefficients measured from zebra finch 
hemoglobin (Lee et al., 2012 submitted). We also used the mean reduced scattering 
coefficient measured from zebra finch (Ramstein et al., 2005) through a path estimated to 
go through the higher auditory areas NCM and field L. Although this coefficient is for a 
specific path, we used the same coefficient for all light paths, despite the fact that they 
may have passed through different tissue and geometry. 
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 Custom-written using MATLAB (MathWorks, Natick, MA) were used to process 
data. Data were sorted by channel (source and detector pair) for all 32 channels 
representing 16 light paths (one path for each wavelength pair). Sorted intensity data 
were normalized by dividing by mean intensity across the recording period to produce 
proportional change values. This was curve-fitted to a third order polynomial which was 
then subtracted from the data to remove slow changes and drifts and subsequently filtered 
using a band-pass Butterworth filter of 0.05 - 0.5 Hz.   
 AC data is relatively tolerant to changes in ambient light levels compared to DC 
so it is presented here.  
 
Mapping Procedures 
 Mapping procedures have been described previously (Lee et al., 2012 submitted). 
Spatial distribution of activity in two-dimensions was approximated by combining 
channel data from 16 paths using back-projection. The relative distribution of light was 
estimated using a weighted-matrix based on a model of light diffusion which used a 
simplified form of the Boltzmann transfer equation applied to each optode location 
(Fishkin and Gratton, 1993). The model assumes a homogeneous medium with a border 
that exists only at the scalp of the imaged slice. These maps should be taken to represent 
approximations of activity location.  
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RESULTS 
Optical and Hemodynamic Responses in Awake versus Anesthetized Birds 
 The awake bird demonstrated a robust optical response when presented with 
“triple-song” stimulus. The time course of the optical response is revealed in the grand 
mean of all channels and subjects (Fig. 8a), and is displayed as hemodynamic change in 
Fig. 8b. Responses were apparent in single trials (Fig. 9a).  
 The same triple-song stimulus was used in our previous study in which birds were 
placed under light isoflurane anesthesia (Lee et al., 2012 submitted), allowing responses 
recorded while awake to be compared with responses recorded while anesthetized. The 
grand mean of all stimulus presentations from all awake subjects is shown next to the 
grand mean for anesthetized subjects from our previous study (Lee et al., 2012 submitted) 
in Supplementary Figure 13 (mean of all collected channels, trials and subjects for each 
of the conditions, awake and anesthetized) and Supplementary Figure 14 (grand mean of 
all collected channels and subjects by trial, for all trials). To facilitate direct comparison 
between awake and anesthetized groups, here we focus on just the first three responses 
observed in each bird.  
 In both awake and anesthetized birds the transmitted 690nm light intensity 
increased immediately after stimulus onset; however, for anesthetized birds the intensity 
peaked earlier at approximately 2s after stimulus onset before reversing direction. This 
reversal of direction was larger in magnitude than the initial peak and reached its nadir 
between 5s and 7s after stimulus onset. In contrast, in awake birds the 690nm intensity 
peaks initially between 3s and 5s after stimulus onset and this initial peak is larger in 
magnitude than the subsequent reversal. The awake-bird reversal, like the initial rise, is 
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delayed relative to the anesthetized response and reaches its nadir between 7s and 10s 
after stimulus onset. Common to both awake and anesthetized subjects, a decrease was 
recorded in 690nm intensity that began 0.7-0.8s after stimulus offset and reached its nadir 
between 2.5 and 3s after stimulus offset. 
 In both awake and anesthetized subjects the optical response recorded at 830nm 
was smaller in magnitude when compared to the response at 690nm. In awake subjects, 
the transmitted 830nm light intensity dipped just before 5s after stimulus onset, while in 
anesthetized subjects the intensity increased.  
 Conversion of these data to [HbO], [HbR], and [HbT] reveals the time course of 
the hemodynamic response. In both awake and anesthetized birds we observe three 
distinct phases in the responses as they develop after stimulus onset (labeled I, II and III 
in Fig. 8b and 8d). During phase I there is a large initial increase in [HbO] with a small 
decrease in [HbR] resulting in an overall increase in [HbT]. This initial response shares 
the features of hemodynamic (BOLD, blood-oxygen level dependent) responses 
measured in other species, including humans (Villringer and Chance, 1997; Berwick et 
al., 2002; Malonek et al., 1997; Hoshi and Tamura, 1993). This initial phase developed 
earlier in anesthetized birds than in the awake birds although with smaller magnitude 
(Fig. 8b, 8d).  
 Phase II immediately follows phase I and is marked by a dramatic reversal, with 
[HbO] and [HbT] now decreasing below baseline and [HbR] increasing. Whereas phase I 
is more pronounced in awake birds, phase II is observed somewhat more consistently in 
anesthetized birds (Fig. 8d, 9b). Phase III emerges 16-17 sec after stimulus onset and may 
represent a response to stimulus offset (at 15 sec).  
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Variations in Response Magnitude 
 In both awake and anesthetized birds the optical responses to the stimuli were 
apparent in single trials (Fig. 9). Awake bird responses (Fig. 8a, 8b and 9a) were 
generally greater in magnitude than anesthetized bird responses (Fig. 8c, 8d and 9b). One 
awake bird showed no response to the first trial of stimulus presentation but did respond 
to all subsequent trials. 
 
Response Localization 
 To compare the spatial localization of responses in awake and anesthetized birds 
we created activity maps using back projection of channel data from representative awake 
and anesthetized birds (Fig. 10). The anesthetized bird data were published previously 
(Lee et al., 2012 submitted). Colors represent relative change: positive changes are 
depicted in red tones, negative changes in blue tones, and levels close to baseline in green 
tones. Separate maps are shown for change (relative to baseline) in [HbO], [HbR], and 
[HbT], as measured at 17 different time points before and after onset of the song stimulus 
and corresponding to major peaks and valleys from Fig. 8. The anatomical orientation of 
the maps is depicted in Fig. 7a. Figure 7a shows the neuroanatomy directly beneath 
optodes. Figure 10 should not be taken to suggest exact correspondence with figure 7a. 
The activity maps in Fig. 10 appear coarse relative to the underlying neuroanatomy in 
Fig. 7a. For example, the maps do not resolve Field L or the caudomedial nidopallium 
(NCM), two areas where auditory responses have been extensively demonstrated. 
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Nevertheless, the greatest activity in both groups appears to be localized to the caudal and 
medial portions of the brain. There was also anterior activity in some subjects.  
 
Stimulus-Specificity of Response  
 The response of the awake bird to the presentation of a single 5 sec conspecific 
birdsong elicits a similar phase I response in comparison with the response to 15 sec 
triple song; there is a rapid increase in [HbO] and [HbT] while [HbR] decreases (Fig. 
11a, 12). The initial hemodynamic response is similar to what was observed with triple-
song stimulus. Like the response to triple-song, the peak of the response to single song 
peaks between 3 and 5 sec (phase I, Fig. 8b). A reversal in the direction of change (phase 
II, Fig. 8b), or post-stimulus undershoot (phase III, Fig. 8b) are not clearly comparable to 
those seen with the triple-song stimulus since the single-song stimulus ends before phase 
I completes; however, some oscillations suggestive of these phases can be observed after 
the initial increase in [HbO] and [HbT] (Fig. 12). Like the response to triple song, the 
single song response is apparent in single trials (Fig. 12). 
 The response to song is strikingly different from responses to playback of tones. 
The tone stimulus consists of a train of ascending and descending tones of frequencies 
found in zebra finch song and was played at the same average decibel level as song 
stimulus (see Methods). The peak size of the mean response of all subjects, channels, and 
trials to tones was indistinguishable from baseline (Fig. 11b). This was also true in single 
trials (Fig. 12).  
 Responses to song occurred despite intervening periods of tone, suggesting that 
they discriminate between the two stimuli, and are not simply auditory responses. 
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Likewise, the unequal response to song versus tone is unlikely to be explained as being 
an effect of primacy or order of presentation. Subjects were divided into one group (n=3) 
hearing song first followed by alternating tone and song and a second group (n=3) 
hearing tone first followed by alternating song and tone. In both groups there remained a 
difference between responses to song versus tone.  
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DISCUSSION 
 This study demonstrates a new approach for recording brain activity in awake 
songbirds, and should be generalizable to recording of brain activities in other animals as 
well. To our knowledge this is the first description of brain responses to birdsong stimuli 
observed in awake songbirds via non-invasive imaging. Using our helmet interface we 
measured robust, reliable, and complex optical responses to auditory stimuli for awake 
subjects (Fig. 8a, 8b, and 11). These responses appear in single trials (Fig. 9a) and 
demonstrate some selectivity to the stimulus. The optical responses of awake and 
anesthetized birds are different, notably, in size and latency. These differences between 
awake and anesthetized zebra finches emphasizes the recommendation that anesthetized 
and awake subjects need to be compared when formulating a model of sensory 
processing(Schmidt and Konishi, 1998).   
 
Response in Awake Subjects 
 The hemodynamic response of the awake bird follows a recognizable 
hemodynamic pattern observed in both awake (Berwick et al., 2002) and anesthetized 
(Malonek and Grinvald, 1996; Malonek et al., 1997) mammals. The grand mean for the 
first trial to triple-song stimulus (Fig. 9a) and the grand mean for single-song stimulus 
(Fig. 11a) show an early deoxygenation response reminiscent of the “initial dip” recorded 
in exposed cortex preparations (Malonek et al., 1997). Four seconds after stimulus onset 
[HbO] and [HbT] reach their maximum peak (phase I, Fig. 8b, d) with a corresponding 
decrease in [HbR]. Then, shortly after stimulus offset there is an undershoot (phase III, 
Fig. 8b, d) corresponding to a decrease in [HbO] and an increase in [HbR]. All these 
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features fit the description of a hemodynamic response: “initial dip”, overshoot, and 
undershoot at offset (Malonek and Grinvald, 1996; Malonek et al., 1997; Chen-Bee et al., 
2007).  
 The increased-oxygenation phase of our optically-measured hemodynamic 
response (phase I) is similar in appearance to the BOLD response recorded using fMRI 
(Voss et al., 2007a). The shape of the optical HbR response is expected to be inverted 
compared to the BOLD-fMRI response since BOLD contrast originates from 
paramagnetic HbR formed when oxygen is lost from diamagnetic HbO (Ogawa et al., 
1990). Using this comparison, in both cases a large overshoot and a negative undershoot 
at the end of the stimulation period were observed. The “initial dip” does not appear in 
the Voss study, perhaps due to the sampling frequency or magnetic field strength used 
(Voss et al., 2007a). The initial dip does not appear in our previous study either (Lee et 
al., 2012 submitted; Fig. 8c, 8d) supporting the idea that anesthesia may play some role 
(Berwick et al., 2002). 
 The effects of gently restraining birds in the hand and of wearing the helmet have 
not been systematically assessed. Subjects generally appear to be calm and behave 
normally with no greater agitation after recording than before. There was, however, 
occasional movement such as flinching during recording. The effect of the flinching is 
unclear. The effect of handler on the subject was also a concern since it was possible the 
handler transmitted their own response to hearing stimuli to the bird. The possibility for 
this effect (i.e., “Clever Hans” Effect) was tested (see Methods). Response to song and 
absence of response to tone remained despite blocking the handler’s ability to hear. No 
effects of handler exposure to auditory stimuli were found.  
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 In the future, acclimatizing the birds to experimental conditions such as being 
held and wearing the helmet in advance of recording may further improve the quality of 
the data. It is also likely that practice with handling birds in these types of experiments 
will help to minimize stress.  
 
Comparison of the Response in Awake versus Anesthetized Songbirds 
 Comparisons of hemodynamic response between awake and anesthetized animals 
have been conducted in mammalian models; notably while observing rat barrel cortex 
(Berwick et al., 2002; Martin et al., 2006). The results presented here are very similar: 
although the rats were under urethane rather than isoflurane anesthesia, responses to 
whisker stimulation were lower in magnitude while under anesthesia compared to 
responses in un-anesthetized animals (Berwick et al., 2002). Likewise, the peak of the 
BOLD response (phase I) in isoflurane-anesthetized zebra finches was smaller in 
magnitude than in awake subjects (Fig. 8; Lee et al., 2012 submitted).  
 The difference in response magnitude may reflect a relative decrease in neuronal 
activity in the anesthetized brain; however, other explanations are possible. For instance, 
isoflurane and other inhaled anesthetics are vasodilators (Patel et al., ; Farber et al., 
1997). Since peak size is based on change relative to normalized baseline, it is possible 
that the actual degree of vasodilation in anesthetized versus unanesthetized subjects is 
closer than would be indicated. In other words, isoflurane may have decreased the 
amount by which vessels could change in response to stimuli.   
 Also similar to mammalian precedent is evidence of an “initial dip” observed in 
both awake, but not anesthetized, birds and rats (Berwick et al., 2002). In the present 
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study, however, the duration of the initial dip appears to delay the peak of the BOLD 
response (phase I) in awake birds relative to the peak of the BOLD in anesthetized 
subjects (Fig. 8, 12; Lee et al., 2012 submitted). This was not reported in the mammalian 
study. 
 In comparison to the response of anesthetized birds, the second phase and third 
phase of the response is less clearly evident in the awake bird (phase II, Fig. 8b, 8d). This 
might be attributable to the amount of noise in the data rather than a lack of these 
features. Taken at its face, Fig. 8 appears to show that phase II is less prominent than 
phase I in awake subjects. This might also be explained by the vasodilatory effects of 
isoflurane since greater vessel diameter correlates with slower blood flow and therefore 
more time for oxygen extraction by tissue.  
 
Response Localization 
 Activity maps based on back-projection of data for the awake and anesthetized 
zebra finch show a similar distribution of activity in response to auditory stimuli (Fig. 
10). Figure 10 shows the response to triple-song in anesthetized and awake subjects side-
by-side. The images corresponding to the anesthetized subject were described in earlier 
work from this lab (Lee et al., 2012 submitted). These maps demonstrate dynamic spatial 
changes exist in the data, but are presently limited in resolution. They provide a crude 
approximation of the areas of activation. Please note that the color scales of awake and 
anesthetized subjects are not equivalent; the maps for the anesthetized subjects show 
greater color intensity for smaller changes. Regardless, in both awake and anesthetized 
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subjects, the areas of greatest activity are in the caudal and medial portions of the brain. 
Anterior activity in some subjects is also suggested.  
 
Stimulus Specificity of the Response 
 The specificity of the optical response to auditory stimulus was addressed in two 
ways: 1) by comparison of stimuli of differing length and 2) by comparison of stimuli of 
differing complexity and biological salience. 
 The BOLD-like phase I response is similar for both 5 sec song stimulus and 15 
sec song stimulus (Fig. 8b, 11a); in both cases, this phase of the response peaks at a 
similar time and lasts for similar durations (about 5 sec). The phase I response for the two 
stimuli are similar in length even though the stimulus ends before phase I ends in the case 
of single-song stimulus. The size of the response for triple-song is larger as would be 
expected if BOLD response duration is linear and additive; however, it is surprising that 
the response to triple-song was not also longer in duration (Dale and Buckner, 1997).  
 There are many possible explanations for why the triple-song response does not 
appear to be an additive version of the single-song response. It is possible the bird 
processes the first five seconds of triple-song (which is a single unit of song) differently 
from the last 10 seconds. This might happen since a triple-song is unnatural. 
Alternatively, it could be that the data have not been adequately dissected. For instance, 
location information is ignored in figures 8b and 11a since these figures show the grand 
means of all channels. It is possible these figures represent activity at different regions of 
interest over time which coincidentally average to appear as responses of similar 
duration. 
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 The striking difference between response to 5 sec of single conspecific song and 5 
sec of tones despite alternation of stimuli strongly suggests optical responses are specific 
to stimuli rather than being simple orientation or startle responses. This is consistent with 
similar findings from an fMRI study using benzodiazepine-sedated zebra finches (Voss et 
al., 2007b). This fMRI study showed that subjects exposed to conspecific song 
demonstrated greater activation to song than tone in NCM. It should be noted, however, 
that our data show a lack of response to tone rather than a smaller response. This may be 
explained by our use of the grand mean of all channels which reports the total activity of 
the imaged slice. This may wash out localized effects. Another explanation may involve 
methodological differences between the two studies, for instance, the use of sedative 
versus restraint and differences between level of background noise (Voss et al., 2007b).  
 The larger response to song than tone has been demonstrated many times using 
other methods. The earliest of these measured expression of the immediate early gene 
ZENK in response to various auditory stimuli. The number of cells expressing ZENK in 
the caudomedial nidopallium (NCM; which shares homology with secondary auditory 
cortex in mammals) was significantly greater after exposure to conspecific song 
compared with exposure to tone. In fact, ZENK expression to tone stimulus was similar 
to controls kept in silence (Mello et al., 1992).  
 The difference in responses to conspecific song versus tones was also shown 
using single unit electrode recordings in awake restrained songbirds (Stripling et al., 
1997; Chew et al., 1996). Songs generated more spiking activity in cells of the NCM than 
sustained pure tone, which actually dropped the mean rate of firing in some cells. This is 
consistent with our findings because the BOLD response is in many cases thought to 
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reflect local field potential activity (LFPs; (Viswanathan and Freeman, 2007; Ekstrom, 
2010)). These LFPs are presynaptic, and presumably drive spiking activity, which is 
postsynaptic. It is not surprising, then, that there is an absence (perhaps even a decrease; 
Fig. 11b) of hemodynamic activity during exposure to tones. 
 
Summary 
 This study demonstrates the utility and feasibility of our recording and helmet 
interface development methods to reliably record optical responses to auditory stimuli in 
awake zebra finches. To our knowledge this is the first report applying DOI (or any other 
non-invasive imaging method) to non-pharmacologically treated songbirds exposed to 
birdsong stimuli. These methods are readily adaptable to other model systems. 
 Hemodynamic responses to auditory stimuli in awake zebra finches were found to 
differ in latency, features, and magnitude from those that were lightly isoflurane-
anesthetized. These responses can be recorded in single trials. The comparative time 
courses of awake and anesthetized responses may provide insights into the interpretation 
of studies involving the BOLD response or isoflurane in the zebra finch.  
 The optical response was robust to birdsong while absent (indistinguishable from 
baseline) to tones. This demonstrates the stimulus-specificity of the optical hemodynamic 
response and is consistent with past studies. 
 Further development of this approach may produce a means for longitudinal 
studies in individual animals over the course of learning experiences and possibly over 
stages of vocal learning.  
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CHAPTER 3 FIGURES 
 
 
Figure 7. Optic fibers were coupled to the zebra finch scalp by designing and building a 
helmet interface around a scanned and digitized head. A. A digitized male zebra finch 
head surrounded by rods marking the locations and angles for fiber optic placement. The 
fibers are placed to surround the region of interest, the caudomedial nidopallium (NCM). 
A cut-out showing the neuroanatomy directly beneath the rods is shown to the right. The 
neuroanatomy is a version of the 3D zebra finch atlas (Poirier et al., 2008) warped to fit 
our digitized head (Lee et al., 2012 submitted). This is the same design approach and 
optode arrangement reported previously (Lee et al., 2012 submitted). B., C., D. Pictures 
of a male zebra finch wearing the helmet interface with fiber optics advanced to the scalp. 
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Landmarks on the helmet allow for proper alignment. Optodes can be precisely lowered 
and secured through threaded ports. The open top allows feathers to be moved aside and 
fiber contact to be verified. Feathers were moved aside to allow advancement of the 
optodes, but they were left in place (see Methods).  
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Figure 8. Grand mean AC intensity and hemodynamic responses of all subjects, channels, 
and the first three responses in awake (A, B) and in anesthetized (C, D) subjects during 
15s song playback (C and D are rescaled versions of results in a recently submitted 
manuscript; Lee et al., 2012). Yellow area shows when song was played. Bandpass 
filtered AC intensity values are shown on the left (A, C). Red lines are intensity values 
for 830nm; blue are for 690nm. These intensity values were used to estimate 
hemodynamic changes (on the right) by using the modified Beer-Lambert Law. Red, 
blue, and green lines show relative change from baseline in oxy-, deoxy-, and total 
hemoglobin concentrations, respectively. Dotted lines show respective standard errors for 
each time point calculated from the variance of all channels, subjects, and trials. The y-
axis shows change relative to baseline in arbitrary units. Three discrete phases of the 
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response are indicated by I, II and III (B, D). *A single trial from one subject was 
removed from the average due to flinching just prior to stimulus onset. 
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Figure 9. Mean hemodynamic response of all subjects and channels, displayed by trial in 
A, awake and B, anesthetized subjects (B. is taken from a subset of data recently 
submitted: Lee et al., 2012). Red, blue, and green lines show relative change from 
baseline in oxy-, deoxy-, and total hemoglobin concentrations, respectively. Dotted lines 
show respective standard errors for each time point (errors are too small to be visible in 
Panel B). Y-axis is in arbitrary units of change in concentration relative to baseline; the 
same scale is used in A and B. *A single trial from one subject was removed from the 
average due to flinching just prior to stimulus onset. 
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Figure 10. Localization of responses. Hemodynamic activity maps showing 
spatiotemporal development of the response to the first presentation of the song stimulus 
for one awake subject next to one isoflurane-anesthetized subject (Lee et al., 2012 
submitted). We arbitrarily chose to show the first subject used in each set of 
Baseline 
Phase I 
Phase II 
Phase III 
Awake   Isoflurane   Awake   Isoflurane  Awake    
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measurements. Time is in seconds relative to stimulus onset (Note: the stimulus is 15s in 
duration). Greener colors correspond to baseline levels, redder colors indicate increases, 
and bluer colors indicate decreases. Time points are relative to stimulus onset and 
roughly correspond to inflection points in Fig 8. The gray box in the background 
represents time when stimulus was playing. Brackets on the left side of the figure show 
the approximate timing of the phases (from Fig. 8) for awake (green) and anesthetized 
(dark red) categories. Maps provide approximate areas of changes relative (and not 
absolute) to baseline since color scales for each subject have been adjusted to prevent 
clipping; i.e., the color scale for anesthetized subjects is different to that of awake 
subjects. Maps have the same orientation as Fig 7a.  
- 118 - 
 
 
Figure 11. Grand mean hemodynamic responses of all subjects, channels, and trials to 5 
sec of A., song or B., 5 sec of tones. Red, blue, and green lines show relative change from 
baseline in oxy-, deoxy-, and total hemoglobin concentrations, respectively. Dotted lines 
show respective standard errors for each time point. The shaded areas show when the 
stimulus was on: yellow for song and green for tone. Y-axis is in arbitrary units of change 
in concentration relative to baseline; the same scale is used in A and B.  
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Figure 12. Song versus Tone by trial. Each bird heard 6 stimuli alternating between song 
and tone; to address a possible effect of order, 3 birds heard song as the first stimulus 
while 3 others heard tone as the first. Each plot shows the mean hemodynamic responses 
of 3 subjects and all channels. Red, blue, and green lines show relative change from 
baseline in oxy-, deoxy-, and total hemoglobin concentrations, respectively. Dotted lines 
show respective standard errors for each time point (errors are sometimes too small to be 
visible). The shaded areas show when the stimulus was on: yellow for song and green for 
tone. Y-axis is in arbitrary units of change in concentration relative to baseline.  
Song 
Tone 
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Supplementary Figure 13: 
Grand mean AC intensity and hemodynamic responses of all subjects, channels, and trials 
in awake (A, B; 4 trials) and in anesthetized (C, D; 7 trials) subjects during 15s song 
playback (yellow area shows when song was played). Bandpass filtered AC intensity 
values are shown on the left (A, C). Red lines are intensity values for 830nm; blue are for 
690nm. These intensity values were used to estimate hemodynamic changes (on the right) 
by using the modified Beer-Lambert Law. Red, blue, and green lines show relative 
change from baseline in oxy-,deoxy-, and total hemoglobin concentrations, respectively. 
Dotted lines show respective standard errors for each time point calculated from the 
variance of all channels, subjects, and trials. The y-axis shows change relative to baseline 
in arbitrary units. *A single trial from one subject was removed from the average due to 
flinching just prior to stimulus onset. 
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Supplementary Figure 14: 
Mean hemodynamic response of all subjects and channels, displayed by trial in A, awake 
and B, anesthetized subjects. Red, blue, and green lines show relative change from 
baseline in oxy-,deoxy-, and total hemoglobin concentrations, respectively. Dotted lines 
show respective standard errors for each time point. Y-axis is in arbitrary units of change 
in concentration relative to baseline; the same scale is used in A and B. *A single trial 
from one subject was removed from the average due to flinching just prior to stimulus 
onset. 
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CHAPTER 4: EVIDENCE OF RAPID SONG HABITUATION IN AWAKE 
ZEBRA FINCHES DETECTED BY NONINVASIVE DIFFUSIVE OPTICAL 
IMAGING 
 
Chapter 4 is a draft in progress that addresses Aim 3: Determine whether song 
habituation can be detected in the hemodynamic optical response. This study involves un-
anesthetized zebra finches and a stimulus paradigm lasting over 14 minutes.  
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ABSTRACT 
 Diffusive Optical Imaging is a noninvasive imaging method that can be used to 
measure hemodynamic changes in the brain. It does not harm tissue so it may be 
especially useful in situations needing repeated measures from the same subject or in 
studies where subjects are scarce. The application and development of this method to the 
study of songbird neurobiology could provide us with a new tool to phenotype and 
describe time courses of learning. This time course information, in turn, may be useful as 
a guide for timing molecular or histological studies.  
 We build upon our recent work which successfully detected hemodynamic 
responses specific to different auditory stimuli in non-anesthetized zebra finches 
(Taeniopygia guttata) to demonstrate the capability of our implementation of DOI to 
detect a basic form of learning in awake zebra finches: rapid habituation to playback of 
birdsong. This study establishes the feasibility of using DOI to detect evidence of rapid 
song habituation. It also serves as an important first step towards using DOI to help with 
our understanding of song habituation. 
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INTRODUCTION 
 Zebra finches are social non-territorial birds that live in large colonies in nature 
(Zann, 1996). Since they use their vocalizations and songs to attract mates as well as to 
communicate kinship and recognition (Zann, 1996; Marler, 1990), their responses to song 
are an indication of how they are assessing environmental and social context (Kruse et 
al., 2004). The study of these responses may produce insights into the neurobiology of 
sensory processing, but they may also be revealing with regards to our understanding of 
the neurobiology of sociality and social behavior.  
 Our implementation of diffusive optical imaging (DOI; sometimes “diffuse 
optical imaging”) was recently demonstrated in our lab to detect hemodynamic responses 
specific to different auditory stimuli in non-anesthetized zebra finches (currently 
unpublished). DOI is a functional imaging method that measures changes in the optical 
properties of the head using light. Wavelengths in the red visible to near-infrared range 
are used because they can capitalize on the “biological window” (Jobsis, 1977) where 
light penetrates tissue deeply due to relatively low absorption. Light to and from the head 
is carried by fiber optics (optodes) which can be applied noninvasively to the scalp. 
 This method may be a promising tool for learning about songbird neurobiology 
because it is inexpensive, silent, and does not harm tissue. It may therefore be used 
repeatedly on the same subject over the course of different life stages and experiences. 
These qualities make DOI attractive for situations where subjects are scarce. They may 
also prove highly useful for augmenting molecular or histological studies of learning or 
behavior (Lee et al., 2012 submitted), potentially by identifying states of learning or by 
describing their time courses. 
- 126 - 
 
 The potential for DOI to be applied to scarce subjects is an important issue for 
songbird research. As model systems, songbirds may be incredibly informative to 
neurobiology in part because of their vast biodiversity (Brenowitz, 1997; Brenowitz and 
Beecher, 2005; Clayton, 2004). Closely related birds sharing the majority of their genes 
may demonstrate a huge variety of morphologies and behaviors; this presents a 
tremendous opportunity for genetic analyses. Unfortunately, some of these birds are 
scarce or difficult to obtain or breed. It is therefore important to be able to glean as much 
information as possible from each subject. 
 Likewise, molecular and histological studies of brain function may yield 
enormous troves of information; however, a single subject can only yield a single time-
point, or snapshot, of information (Clayton, 2004; Dong et al., 2009; Clayton et al., 
2009). Newer neurogenomics tools will gradually make it easier to link genes and gene 
networks to function (Clayton et al., 2009) but this underscores the importance of good 
experimental design which highlights the context in which genes are expressed. Since 
thousands of genes may be sampled at a time, false positives become more concerning as 
coincidental gene activity may be labeled as related to a given function when it is not. 
Although behavioral data could be collected to augment the interpretation of this 
snapshot, they have unfortunately been found to have poor sensitivity (Dong and Clayton, 
2008a). Data collected by invasive procedures for the same purpose could also be used, 
but they may also be difficult to control since they affect subjects in undetermined ways 
(Dong and Clayton, 2008a). This highlights a key goal of developing DOI for songbirds: 
to enhance phenotyping of subjects and to provide temporal information.  
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 This study tests whether DOI can be used to detect a basic form of learning: 
habituation to playback of birdsong. Song habituation occurs when repeated exposure to 
a specific song leads to a decrement in the response (reviewed in (Dong and Clayton, 
2009)). This phenomenon is biologically relevant to birds because it gives an indication 
of the level of attention they are giving a stimulus; that is, its salience. For instance, it 
gives an indication of how a bird behaves towards conspecifics (individuals of the same 
species) or threats.  
 “Song habituation”, in particular, is interesting because the stimulus itself is 
complex (Dong and Clayton, 2009). It can be observed in the bird’s behavior (Stripling et 
al., 2003; Dong and Clayton, 2008b), in the level of signaling molecule phosphorylation 
(Cheng and Clayton, 2004), expression level of immediate early genes (Mello et al., 
1995), and by single or multiunit electrode recordings (Stripling et al., 1997; Chew et al., 
1996). Microarrays studies have shown the involvement of thousands more genes after 
exposure to novel versus familiar song, a large number of which are described as 
metabolic genes (Dong et al., 2009). DOI may be able to provide information which may 
bridge these different studies together; since tissue is not harmed by DOI, it may be 
possible to integrate DOI concurrently with these other approaches. Doing so could help 
to resolve disconnects between song habituation measured using electrophysiology, gene 
expression, and behavior (Stripling et al., 1997; Dong and Clayton, 2008a; Clayton, 
2000). 
 Since the hemodynamic response is more closely related to local field potentials 
(LFPs; synaptic activity) than to neuron spiking (Viswanathan and Freeman, 2007) 
(though this may be dependent on the specific vascularity or anatomy of an area 
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(reviewed in (Ekstrom, 2010))) and LFPs drive spiking activity, we predict that we will 
find similar results to those reported by similar experiments based on single or multiple 
unit recordings (Stripling et al., 1997; Chew et al., 1996); that is, rapid decrease of the 
size of the hemodynamic response to repeated presentations of the same song. 
Furthermore, we predict that the response size will recover to presentation of novel 
songs.  
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MATERIALS AND METHODS 
 
Animals 
 All experiments were performed under protocols approved by the University of 
Illinois Laboratory Animal Care Advisory Committee. Adult male zebra finches (at least 
90 days old) were bred and raised in an aviary of the Beckman Institute animal facility or 
purchased from vendors (Magnolia Bird Farm, Anaheim, CA). Birds were housed in 
pairs or three to a cage (35.6 cm long x 40.6 cm wide x 45.7 cm high) prior to use. All 
birds were kept on a 14/10 hour light/dark cycle. 
 
Stimulus  
 Songs were recorded from in-house zebra finches which were raised separately 
from and which never interacted with the birds used in these experiments; all songs were 
novel to this cohort. Songs were recorded from birds housed in acoustic isolation 
chambers for 24-48 hours using Song Analysis Pro software 
(http://ofer.sci.ccny.cuny.edu/sound_analysis_pro).  
 
Task and General Procedures 
 Six adult male zebra finches were individually tested using the same stimulus 
paradigm (Fig. 15). This consisted of 30 seconds of baseline silence followed by blocks 
of repeated stimuli. 30 additional seconds of baseline silence followed the last block. 
Repeated stimuli were 2 second zebra finch songs followed by an 8 second interstimulus 
interval (ISI). The first block consisted of 50 repetitions, and the three subsequent blocks 
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consisted of 10 repetitions. Each block was separated by a 2 second inter-block interval. 
Inter-block intervals account for potential entrainment to the frequency of playback. All 
songs were novel to tested subjects at the time of measurement and order of specific 
songs played was counterbalanced to account for the possibility of intrinsic preference to 
a particular song. The first block was designed to elicit song habituation by playing 50 
repetitions of a song (Chew et al., 1996), which was designated as the training song. The 
second block was designed to control for fatigue to auditory stimulation. It consists of 10 
repetitions (Stripling et al., 1997) of a second song. The third block was designed to 
determine whether the presumptive habituation to the first song remains despite an 
intervening period of novel song. It consists of 10 repetitions of the training song 
(Stripling et al., 1997). The final block consists of 10 repetitions of a third song. It is a 
within-subject replication of the second block. The total data collection time is 14 
minutes and 26 seconds. Songs were played at an average sound intensity of 80 decibels. 
All measurements took place in a darkened room. Recording began once intensity 
measures were stable for 30 seconds.  
 
Recording Methods 
 A frequency domain oximeter ( Imagent™, ISS Inc., Champaign, IL) recorded 
intensity and produced by laser diode sources carrying 690 nm and 830 nm light 
modulated at 110MHz and multiplexed through each light source every 16ms on four 
photomultiplier tube (PMT) detectors. DC (direct current, i.e., overall light intensity) and 
AC (alternating current, i.e., modulated light intensity) were recorded. Four source pairs 
(each composed of a 690 nm and an 830 nm light source) and four detectors were placed 
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on opposite sides of the head to maximize light diffusion; imaging was therefore based on 
transmission of light through the head, and was sensitive to absorption and scattering 
changes in tissue. The eight individual sources were time-multiplexed so as to allow for 
the separate measurement of each source-detector pair.  
 
Subject Preparation 
 Subjects were isolated at least 1 hour prior to recording. Room lights were 
dimmed to reduce stress. Subjects were held in hand and the head feathers were brushed 
aside using a wet cotton swab to expose the scalp. Fiber optics were coupled to the head 
using a helmet interface; the design and application of this interface was described 
previously (in the previous chapter). The helmet was snapped in place and individual 
fibers were lightly threaded into place. A hole in the top of the helmet allowed fiber 
contact to be verified. The helmet was adjusted to landmarks and the fibers were 
advanced to the surface of the scalp to tighten the fit of the helmet. The stress of handling 
and recording were decreased by avoiding feather removal. The bird remained held in 
hand for the duration of the measurements. Room lights were turned off to check for 
stable light intensities. Optodes were readjusted by the preceding procedure until stable 
AC measures could be maintained. The handler kept one foot on the foot of the recording 
instrument operator. Once the subject was calm the handler signaled readiness to the 
operator by silently pressing down on the operator’s foot. The handler was blind to the 
actual time that recording of data was initiated. 
 To control for the effect of handler on the bird (“Clever Hans Effect”), three 
additional subjects were tested using the same protocol – each bird was exposed to a 
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different rotation of song order to counterbalance for any possible intrinsic preference for 
a song. The handler remained holding the subject while listening to music played from an 
8GB 2nd generation iPod Touch (Apple, Inc., Cupertino, CA) on Sennheiser noise 
cancellation headphones (Sennheiser Electronic Corporation, Old Lyme, CT). Handler 
was tested for ability to hear prior to start of experiment. Handler was blind to start-time 
of recording. 
 
Optical Data Analysis 
 Optical data analysis methods have been described previously (Lee et al., 2012 
submitted). Assuming changes in light absorption by oxy-hemoglobin (HbO) and deoxy-
hemoglobin (HbR) are the dominant cause for the measured changes in light intensity, 
intensity values are converted to estimates of changes in [HbO] and [HbR] using the 
modified Beer-Lambert law (Wray et al., 1988). Differential pathlengths measured from 
the zebra finch head (Ramstein et al., 2005) and extinction coefficients measured from 
zebra finch hemoglobin (Lee et al., 2012 submitted) were used in this equation. The mean 
reduced scattering coefficient measured from zebra finch (Ramstein et al., 2005) through 
a path estimated to go through the higher auditory areas NCM and field L was also used. 
Although this coefficient is for a specific path, we used the same coefficient for all light 
paths, despite the fact that they may have passed through different tissue and geometry. 
 Data were processed using custom-written MATLAB (MathWorks, Natick, MA) 
programs. Data were sorted by channel (source and detector pair) for all 32 channels 
representing 16 light paths (one path for each wavelength pair). Sorted intensity data 
were normalized by dividing by mean intensity across the recording period to produce 
- 133 - 
 
proportional change values. This was curve-fitted to a third order polynomial which was 
then subtracted from the data to remove slow changes and drifts and subsequently filtered 
using a band-pass Butterworth filter of 0.05 - 0.5 Hz.  
 Since AC data is relatively tolerant to changes in ambient light levels compared to 
DC, it is presented here. 
 
Statistical Analysis 
 Response size was based on peak change in [HbO]. Responses which did not 
follow a normal hemodynamic pattern (Berwick et al., 2002; Malonek et al., 1997; Hoshi 
and Tamura, 1993; Lee et al., 2012 submitted) were removed from the analysis. For 
example, if Δ[HbR] and Δ[HbO] have the same trajectory, both are positive, and Δ[HbR] 
is greater. Another example is if the change in trajectory does not match the timing of the 
stimulus. 
 Statistical analyses of response categories and response-size by subject were 
conducted using GraphPad Prism software using Kruskal-Wallis (non-parametric) one-
way ANOVA followed by Dunn’s multiple comparison test. Analysis of initial response 
sizes in each category used one-way ANOVA followed by Tukey’s post test. 
Significance was considered p < 0.05. 
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RESULTS 
 Zebra finches exposed to the stimulus paradigm (described in Methods; Fig. 15) 
demonstrated normal hemodynamic responses to song playback (Fig. 16) which match 
the description of a typical blood-oxygen level dependent (BOLD) response (Berwick et 
al., 2002; Malonek et al., 1997; Hoshi and Tamura, 1993; Lee et al., 2012 submitted). For 
simplicity, the peak amplitude of relative change in [HbO] is used as a measure of 
response size. 
 The mean of the entire experiment for 6 subjects is shown in Figure 17. All songs 
used in the stimulus paradigm were novel to the subject at the start of the experiment. 
The timing of song presentations was the same for all subjects. The individual songs used 
for this study each assumed the role of Training Song, Novel Song, and Novel Song 2, in 
turn, to control for possible intrinsic preference to a particular song. Training Song was 
the first category of song and was presented 50 times. The initial five responses were 
relatively large in amplitude but steadily decreased with further repetitions (Fig. 16). In 
some cases, as response size leveled out, the shape of the response no longer resembled a 
typical BOLD response. In these cases, peaks were not included in the analysis because it 
was unclear whether or not they were responses. Removal of these data points may 
explain some of the findings shown in Fig. 19a, which will be discussed shortly. 
 Following the training song, a different Novel Song was played 10 times. This 
controls for possible sensory adaptation or fatigue of the ability to respond (Dong and 
Clayton, 2009). Like the initial presentations of Training Song, the first repetitions of this 
song elicit large hemodynamic responses which decrease in amplitude with repetition.  
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 Following Novel Song, the stimulus repeated as Training Song was played again 
10 times. This category of stimulus was designated as Familiar Song. The response size 
to Familiar song is relatively small and was sometimes not detected or did not match the 
description of a BOLD response. This suggests the decreased response to Training Song 
due to the initial 50 presentations persists despite the intervening period of Novel song. 
The diminished size of the response is even evident in the first presentation of Familiar 
Song (Fig. 18, 19a). Since the response to the initial song playbacks of the preceding 
block of Novel Song were relatively large, this suggests the brain is capable of producing 
large responses and that the decreased response size of the Familiar Song category is 
song-specific and consistent with song-habituation (Dong and Clayton, 2009).  
 In the final category of stimulus, a different Novel song – Novel Song 2 – is 
repeated 10 times. Responses to the initial repetitions of this song are large, like those for 
the previous two novel songs. This is additional evidence that the decreased response to 
the previous block of Familiar Song was song-specific.  
 In general, the response size to novel song steadily decreases with increasing 
repetition. An exception was observed with the training song, which showed an apparent 
increase in amplitude in response to the fourth presentation of song (Fig. 18). This 
finding can be attributed to one subject. The unusualness of this finding is also apparent 
from the size of the 95% confidence interval error bar; however, there is no justification 
for removing this data point from the analysis.  
 The mean response amplitudes for the first stimulus for each of the categories – 
Training Song, Novel Song, Familiar Song, and Novel Song 2 – are shown in Figure 19a. 
Familiar Song was significantly different from Training and Novel Songs; it was not 
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significantly different from Novel Song 2 (one-way ANOVA with Tukey’s multiple 
comparison, p < 0.05). This is a surprising finding, and may have been an outcome of 
missing data points. Familiar Song, in particular, only had 4 data points. To interpret this 
finding at face value, it is possible that when there is a response to Familiar Song, the size 
of the response is the same as that for the third Novel Song; however, this does not 
exclude the presence of habituation, where increasing exposures to a song results in 
decreasing responses. 
 The mean response size for each of the categories, Training Song, Novel Song, 
Familiar Song, and Novel Song 2 are shown in Figure 19b. Training Song and Novel 
Song are significantly different from Familiar song. Interestingly, Novel Song 2 is not 
significantly different from Familiar. This could also be a result of having a small number 
of subjects. However, taken at face value, it could also mean that there is an effect of 
fatigue or habituation to the task superimposed on the results.  
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DISCUSSION 
 
Rapid Song Habituation 
 Consistent with our predictions, a rapid decrease in response size was found to 
repeated song stimulation. This decreased response size persisted specifically to the 
training song despite an intervening period of repeated presentations of novel song. To 
our knowledge this is the first demonstration of hemodynamic response modulation 
recorded in non-pharmacologically treated zebra finches.   
 These optically measured results are reminiscent of those found using 
electrophysiological techniques (Stripling et al., 1997; Chew et al., 1996) which were 
also recorded using non-anesthetized and restrained subjects. In general, responses to the 
initial presentation of novel songs were largest; responses steadily decreased in size with 
repetition of the stimulus (Fig. 18, Novel Song and Novel Song 2). This was not clearly 
the case, however, for the very first novel song presented (Fig. 18, Training Song). It is 
not clear whether this finding is an anomaly or if it captures something real about the 
population. In this data set, the increased response to the fourth repetition can be 
attributed to a single subject (Supplemental Fig. 22) which had a significantly different (p 
< 0.05) mean response size compared to all other subjects other than Bird 1.  
 
Variation in Responses Across Subjects 
 Regardless, we can speculate as to why this subject responded the way he did. 
Since birds are naïve to the experimental set-up, it is possible that they are responsive in 
an unusual way to the Training Song since it is first. Prior to the song, subjects are 
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handled in a way they are not used to (wearing a helmet with fiber optics) and held in 
silence. The silent period may lead them to attend to possible threats in the environment 
while the sound of birdsong may not convey danger.  
 Also, finding increased responses to repeated song has precedent. Although cell 
firing rates usually decreased from first to second stimulus, sometimes increases in firing 
rates were observed, as well (Stripling et al., 1997).  
 Although it is ill-advised to over-interpret the effects stemming from a single 
subject, the question of unusual responsiveness is still an interesting one. In our 
experience subjects showing the “cleanest responses” were also the most 
"cooperative" (Fig. 20). It would be surprising if temperament did not affect a subject’s 
reaction to the environment.  
 With regards to temperament, it is possible that the subjects used in this study 
were filtered through an inadvertent selection process. All subjects used in this study 
initially resided in large flight cages. For our experiments we use naïve subjects. 
Naturally, the easiest ones to catch were used in our earliest studies. The ones we used 
most recently were the most difficult to catch. In the future, it may be interesting to 
systematically test differences in task performance based on temperament. 
 
Anomalous Activity and the Effect of Movement 
 Ideally, our implementation of DOI will demonstrate resistance to artifacts 
stemming from movement or the environment. DOI owes some resistance to movement 
because optodes are coupled to the scalp (Watanabe et al., 1998). The relationship 
between movements and artifacts in our data is not clear. 
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 To account for subject movements during the experiment the handler reported any 
movements felt during the experiment to the recording instrument operator in close to 
real-time (see Methods). Movements by the bird (flinching, kicking, sudden wing 
movement) did not always have a clear relationship to features in the data (Fig. 20, 
second and third row); this may be taken to support the observation that DOI can be 
relatively robust to motion.  
 Conversely, periods of atypical activity could sometimes be observed, but the 
appearance of these did not clearly correspond to movement by the subject (Fig. 20, 
Orange Arrows). The explanation for these periods does not necessarily need to involve 
hemodynamic activity. It is also possible these periods may reflect non-hemodynamic 
phenomena such as changes in light scattering (Malonek et al., 1997; Malonek and 
Grinvald, 1996).         
 Several other explanations for atypical activity are possible. Since we report on 
the grand means of all channels, location information is lost. This leaves open the 
possibility that there may be other areas with decreased BOLD-responses (Ekstrom, 
2010) could distort the grand mean when taken as part of the average. It is also possible 
the helmet influenced breathing in some way. Finally, it could be that there is a real 
physiological phenomenon not previously appreciated 
 Anomalies in the time course also cannot be fully explained by a Clever Hans 
effect, either (Supplementary Fig. 21), because effective deafening of the handler did not 
abolish detection of normal hemodynamic responses.  
 
Summary 
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 This study provides evidence of rapid hemodynamic habituation to birdsong using 
diffusive optical imaging. The optical signal may be used as an independent indicator of 
song habituation. Its relationship to forms of song habituation measured by other means 
(gene expression, electrophysiology) may help to understand important questions in 
neurobiology. 
 Some anomalous activity was observed in the data; however, these could not 
always be attributed to movement artifacts. Conversely, since movements did not always 
lead to anomalous activity in the data, there must be some resistance in this 
implementation of DOI to large movements. Better localization of activity may also help 
resolve the issue. In principle, it should be possible to achieve some measure of spatial 
resolution.   
 Since birds which provided the cleanest data also seemed to be the most 
“cooperative”, future studies may be improved by getting the birds used to experimental 
conditions over time.  
 Our implementation of DOI is capable of detecting biologically relevant 
responses in the brains of zebra finches. Further development of DOI for songbirds will 
be necessary to increase the effectiveness and ease of use for this inexpensive imaging 
method.  
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CHAPTER 4 FIGURES 
 
 
 
Figure 15. Stimulus paradigm. 30 seconds of baseline are followed by blocks of stimuli 
separated by 2 second inter-block intervals (red arrows). These account for any potential 
entrainment to the frequency of playback. The final block is followed by 30 seconds of 
additional baseline. Each block is made up of units of stimulation consisting of 2 seconds 
of song followed by an 8 second interstimulus interval. All songs were novel to the 
subject at the time of measurement and order of specific songs played was 
counterbalanced to account for the possibility of intrinsic preference to a particular song. 
The first block is designed to elicit song habituation by playing 50 repetitions of a song, 
which is designated as the training song. If the bird habituates to song, the response size 
should decrease with increasing numbers of repetitions. The second block determines if 
the presumptive decrease in response is due to fatigue to auditory stimulus or whether the 
ability to respond strongly to a novel stimulus remains. It consists of 10 repetitions of a 
second song. The third block is designed to determine whether the presumptive 
habituation to the first song remains despite an intervening period of novel song. It 
8s 
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consists of 10 repetitions of the training song. The final block consists of 10 repetitions of 
a third song. It is a within-subject replication of the second block. The total data 
collection time is 14 minutes and 26 seconds. 
- 147 - 
 
 
Figure 16. The Mean response of all trials across all subjects and channels. Red, blue, and 
green lines show relative change from baseline in oxy-, deoxy-, and total hemoglobin 
concentrations, respectively. Dotted lines show respective standard errors for each time 
point. Y-axis is in arbitrary units of change in concentration relative to baseline. The 
shape of the response fits the description of a normal hemodynamic response. This mean 
is composed of 22 second-long blocks of data which include the 10 seconds before and 
after the stimulus. The apparent lack of baseline prior to the stimulus is actually an effect 
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of capturing the undershoots of preceding stimuli in each window. The timing of the 
preceding stimulus is shown by the light blue box having a dotted border. 
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Figure 17. Effect of prolonged exposure to one song produces song-specific habituation 
of the response. The hemodynamic response of the entire recording period was averaged 
for 6 subjects across all channels. Red, blue, and green lines show relative change from 
baseline in oxy-,deoxy-, and total hemoglobin concentrations, respectively. Dotted lines 
show respective standard errors for each time point (errors are too small to be visible). Y-
axis is in arbitrary units of change in concentration relative to baseline. Yellow boxes 
show periods of song playback. Boxes with orange borders correspond to presentations of 
Training Song, which is a novel song presented 50 times. After the initial presentations 
the response size drops to a lower level and sometimes becomes undetectable. Next, in 
boxes with a purple border, a different Novel song is played 10 times to control for 
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possible fatigue of the ability to respond. Initial presentations of this song produce large 
responses which decrease with number of presentations. The Training Song (with orange 
border), now represents a Familiar song, and is presented again 10 times. The decreased 
response size to the training song remains despite the intervening period of Novel song 
which shows the ability to respond remains. A final control is a different Novel song 
(light blue bordered box). The initial responses to this song are also large, and 
demonstrate the ability to produce large responses remains. To control for possible innate 
preference to a particular song, each birdsong stimulus was rotated to assume the roles of 
Training, Novel, or Novel 2 song in a counterbalanced manner across tested subjects. 
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Figure 18. Mean of peak Δ[HbO] amplitudes of all subjects (n=6) by trial. Training song 
is a novel song presented 50 times with interstimulus intervals of 8 seconds but the first 
ten are shown here (orange circles). Another novel song is presented 10 times after the 
training song (purple squares) and this is followed by 10 repetitions of familiar song 
(black triangles). Finally, a third novel song is presented to control for effect of order 
(blue inverted triangles). Error bars show 95% CI. All songs are novel at the time of 
experiment except for the Familiar (Training Song). For the novel songs there is a general 
trend of decreasing response amplitude with repetition. The exception is the training song 
during which there was greater variability. The first responses in each novel song 
category are of equal amplitude; only the first response to Familiar song is different. 
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Figure 19. Responses to Novel versus Familiar Song.  
A. Mean of first response by category of stimulus. Error bars = SEM. The first 
presentation of Familiar (Training) Song is significantly different from the initial 
presentation of Training Song, Novel Song, and Novel Song 2 (p < 0.05, one-way 
ANOVA and Bonferroni’s post test). B. Mean size of 10 responses by category of 
stimulus. The first ten presentations of each stimulus were averaged for 6 subjects. Error 
bars = SEM, n = 6. Training Song and Novel Song are significantly different from 
Familiar song. Novel Song 2 is not significantly different from Familiar (p < 0.05, 
Kruskal-Wallis one-way ANOVA and Tukey’s multiple comparison test).  
 n = 6 n = 5 n = 4 n = 5
A. B.
* 
* 
*
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Figure 20. Effect of movement on hemodynamic signal in individual birds. The mean 
hemodynamic response for the entire recording period across all channels for three 
individuals is shown with blue arrows marking movement by the subject. Red, blue, and 
green lines show relative change from baseline in oxy-,deoxy-, and total hemoglobin 
concentrations, respectively. Dotted lines show respective standard errors for each time 
point (errors are too small to be visible). Y-axis is in arbitrary units of change in 
concentration relative to baseline. Yellow boxes show periods of song playback. Boxes 
with orange borders correspond to presentations of Training Song, which is a novel song 
presented 50 times. Boxes with purple borders show a different Novel song that is played 
10 times. Training Song (orange border) is presented again 10 times. Boxes with light 
blue borders show a different Novel song – Novel Song 2 – which is played 10 times. 
The first subject shows an example where movement corresponds with noise in the 
recorded response. In the other two subjects, there are movements where the effects on 
the signal are unclear. The orange arrows point out periods of activity in the optical signal 
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which do not correspond to noticeable movements by subjects. These periods do not 
match the description of a typical BOLD response. 
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Supplemental Figure 21. Clever Hans Control, n =3. Handler was effectively deafened to 
song presentation by listening to music using Sennheiser noise cancellation headphones.  
The pattern shown here is reminiscent of the main finding, where responses to novel 
presentations of song were stronger while presentation of habituated song was 
diminished. In several areas there are seemingly large responses; however, with closer 
inspection one can see that these exaggerated responses are not typical of normal 
responses to song (not BOLD responses because [HbO] levels are too negative, or 
deflection of [HbT] is greater than that of [HbO]).  
Clever Hans Control 
Grand Mean of 3 Birds (n = 3) 
Patterns not time-locked to song
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Supplemental Figure 22. Mean response of first ten repetitions of each category of 
stimulus. Error bars = S.E.M. The mean response size and error term for Bird 4 was 
unusually large. Bird 4 is significantly different (p < 0.05) from all other subjects other 
than Bird 1 as determined by one-way Kruskal-Wallis (non-parametric) ANOVA 
followed by Dunn’s multiple comparison post-test.  
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CHAPTER 5: CONCLUSION 
 
 In the preceding chapters I outlined the motivations and significance of this 
project. Primarily, the goal is to have a method which allows noninvasive imaging of 
brain activity in behaving songbirds. The data chapters of this thesis cover the application 
of diffusive optical imaging to songbirds first through the design process for creating 
tools to couple fiber optics to the head followed by experiments in isoflurane-
anesthetized and then non-anesthetized zebra finches. Optically measured responses of 
birds were detected; when interpreted spectroscopically, these responses were consistent 
with hemodynamic responses found in mammalian species. Finally, stimulus-specificity 
of responses was tested, first by comparing response to conspecific birdsong versus a 
series of tones, and then by comparing response sizes to novel and familiar songs. The 
latter provided evidence of song-specific habituation.  
 The logic of this progression is driven by the primary goal. The first step showed 
that signals could be detected. The next one showed that they could be detected in awake 
subjects. The last steps showed that they could detect biologically meaningful signals. 
The potential benefits of using these methods are great. Further work will hopefully bring 
us towards the realization of our goals. 
 
Benefits, Limitations, and Future Directions 
Interfaces for Coupling Optodes to the Head 
 This project has produced several tools for measuring hemodynamic signals in 
awake songbirds. These tools make measurements from zebra finches relatively easy. 
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The helmet interface exists as a file from which new copies can be produced cheaply 
(cost of materials is in cents). The current design snaps on and is very well tolerated by 
the birds. Modifications to helmets are relatively easy to make and can be made with 
great precision. Using the same foundation, it is possible to make completely different 
interface designs. For instance, the recording apparatus used to measure brain activity in 
the anesthetized zebra finch was created using the same head model as the one used to 
create the bird helmet. These parts can easily be produced using different materials. 
Different materials have already been tested, and several produce minimal noise in 
magnetic resonance imaging (MRI). It should be possible to conduct simultaneous optical 
imaging and functional MRI (fMRI) studies.  
 Currently, these helmets are made from a relatively weak material. After 
producing them using rapid prototyping, a great deal of meticulous processing needs to 
be done: guide holes need to be progressively widened until they can support a tap to 
produce internal threads. This step often breaks the piece. The fragile nature of the 
material also means that the threading will wear down with repeated use. Also 
problematic is the sizing issue. Not all birds have the same sized head, so multiple 
helmets must be made to accommodate the different sizes. The sizing is unfortunately not 
straightforward because you must contend with the properties of the materials being used. 
For instance, while it is easy to tell the computer to increase size by 1%, the materials 
may not support such a change. So having a well-fitting helmet requires trial and error. 
 In a similar vein, the current version of the imaging equipment, the ISS Imagent™ 
is designed for humans and not birds. The problem here is human optical imaging must 
deal with a lack of light intensity which often translates to increased optode diameter. 
- 159 - 
 
With birds, lack of light is not an issue. Size, however, is. Homemade modifications were 
required to adapt this equipment for use with birds. This also meant modifying fiber 
optic-to-machine interfaces. On the other side there need to be optode-to-helmet 
modifications. These suffer from the same problems as the helmets. One piece requires 
adding external threading using a die. This step is also very likely to break the piece.  
 In the future, if certain designs become well-established, it would be advisable to 
generate large numbers using a more dedicated manufacture process which produces 
stronger parts. Depending on the number produced, it may also decrease cost. 
 
Data Analysis 
 Analysis of data in its current form is written in MATLAB code and is automated. 
It is possible to convert these programs into executable files which do not require a 
subscription to MATLAB. The code will output many variations of data plots (means by 
subject, means by trial, etc.) It will also draw maps as individual high-resolution images 
which can then be converted into movie files.  
 Unfortunately, the map-drawing is very slow because the image files are big and 
numerous. It should be currently possible, however, to draw these maps near real-time. 
This can be done by using the Graphical Processing Unit (GPU) of certain computers to 
do this work. Real-time or near real-time imaging would be tremendously useful. It could 
allow the design of very elaborate experiments because; for instance, stimulus 
presentation could be based on feedback showing activity in a certain part of the brain. 
 One intriguing direction for this research is simultaneous data collection from two 
or more interacting birds. A form of this experiment may be possible using equipment we 
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currently have at our disposal. The system is currently capable of marking events based 
on sound. With reasonable imaging capability close to real time, it may be possible to see 
areas of the brain related to social stimuli. It may also be possible to introduce stimuli to 
these interacting birds during events observed in the brain to see how they might affect 
the interaction or how social interaction affects recall of events. 
 Another limitation of the current MATLAB code is the lack of an easy graphical 
user interface. For a person with no programming experience it will be very difficult to 
use these programs. The code has a large amount of documentation, though, so it is 
possible to learn what it does. 
 
Spatial Mapping of Activity  
 Unfortunately, a major drawback of the analysis program is the lack of accuracy 
in spatial activity maps. Maps would greatly improve the power of this method. It could, 
for instance, allow measurements of activity to be based on voxels. A program was 
already in the analysis package to measure activity based on its location on a grid.  
 The mapping problem has an easy solution, but it is not ideal. First, an 
explanation of the problem: as was touched upon earlier, the simplest way to localize 
activity is between a source and detector. If a change in intensity is measured, somewhere 
in the beam of light between source and detector there was activity. If you measure the 
change in intensity simultaneously in two different source and detector pairs, the activity 
must have occurred in the intersection of the two pairs. With more source/detector pairs 
there is more resolution.  
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 The problem here is that light through a diffusing medium such as tissue does not 
travel straight through as a beam. To say where that light has been it must be modeled 
differently. For the images shown in this thesis, light diffusion was modeled using a 
modified and simplified version of the Boltzmann transport equation. Basically, light 
diffusion is likened to how radiative heat distributes from a heat source. 
 An analogy will help explain. Imagine you are scuba diving deep underwater 
where it is murky. You have a small light bulb. I want to know where photons entering 
my eye have been (since I said they did not travel in a straight beam). If I choose a point 
on the bulb I know for sure the photon started there. If I draw an imaginary sphere around 
the bulb, I know that moments later, the photon was somewhere in that sphere. However, 
for any given point in the sphere, the probability is less than 100%. As I draw larger and 
larger spheres, the probability for any given point in these spheres gets smaller and 
smaller. The imaginary spheres are drawn out to infinity. The decrease with distance is 
exponential. This is the function describing light leaving the source. 
 Likewise, the probability a photon I’ve seen has entered my eye is 100%. If I 
draw a small imaginary sphere around my eye, chances are, the light was in there at some 
point prior to reaching my eye. But again, at any given point in the sphere, the probability 
is less than 100%. As I draw larger spheres, the probability for any given point decreases 
– and so on with infinitely greater spheres. This is the function describing receiving of 
light, also with exponential drop-off with distance. The probability a photon leaving the 
light bulb and reaching my eye is then the product of the functions of light leaving the 
bulb and reaching the eye. This might appear somewhat like a figure-eight. 
- 162 - 
 
 To add another layer of complexity, let’s say the light bulb is a flashlight and the 
detector, too, is like a flashlight. The probability function of light between source and 
detector is more like an ellipse, with the two narrow ends of the ellipse touching the 
points of the source and detector. The straightest path between source and detector has a 
low probability, however, slightly wider from this central path, is the densest area. 
Imagine wider and wider ellipses spreading out infinitely. These are the probability 
functions for two directional optodes. This is multiplied by the figure-eight. 
 Now imagine that you are no longer deep underwater. Instead, the murky water is 
in a round fishbowl. Light source and detector are outside of the fishbowl, right on the 
surface. In the plane of light sources and detectors is the imaged area. Light that has 
scattered and hits the side of the bowl has a good chance of leaving the bowl and entering 
the room. The chance of it returning into the bowl are low. The chance of losing the 
photons to the room are greatest at the edge of the bowl, and lowest at the center. So the 
photon density function must now be modified again to account for this. To model the 
edge effect, a probability function appearing as a dome (or upside-down bowl) describes 
how likely it is to stay within the bowl. 
 These are the factors that went into the maps presented in this dissertation. The 
glaring omission is the lack of accounting for the three-dimensional nature of the head; it 
is not a disk. As you move up vertically (superiorly) from the disk, you notice that the 
closer to the center you are, the more light must travel to reach the edge of the head – or 
in other words – the less likely it will leave. So this means an additional “dome” shaped 
probability curve must be applied (but it has not been, as of yet). This would have the 
effect of moving activity even more centrally. In fact, this would be more in line with 
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prior evidence and our hypothesis regarding the location of activity that we previously 
mapped. This is the easy solution. 
 Here is the problem: for each of these functions, the values of the exponents are 
still unknown. How steep is the drop-off for the figure-eight? This might be measured 
with a phantom study. Of the infinite ellipses, which ones are the strongest? This might 
be measured by calculating the differential pathlength factor through a given light path 
using a time-resolved system. Finally, how curved are the two bowls and how curved 
should they be? 
 It should be easy to plug in the correct equations to “fix” this program; however, 
generating the correct equations may not be straightforward. To create reliable equations, 
it is important to measure optical properties in the head. For example, the reduced mean 
scattering coefficients for different light paths through the brain should be measured. 
 Implemented localization equations must also be tested. One way to do this is by 
creating a model and taking measurements (Fishkin and Gratton, 1993). It may also help 
to do simultaneous fMRI and DOI measurements. This provides a known given by a gold 
standard.  
 Another method may be to use phase data to help with localization. Phase data 
can be described by a very distinct shape which could likely have greater resolution 
compared to hemodynamic signals. Phase data was collected for all the experiments 
presented here; however, these data are difficult to interpret without maps. If it can be 
interpreted, it may become possible to resolve hemodynamic from neuronal responses. 
 With regards to actual improvement of spatial localization, modification of the 
recording instrument could help. For instance, one straightforward strategy to improve 
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resolution is to increase the number of optodes. This would require updating programs 
and the interface. Adding optodes also adds weight, so lighter materials may be desirable 
as well. 
 
Tolerance of Subjects 
 One issue mentioned in the preceding chapters is the tolerance of birds to the 
helmet. It seems that some birds are more cooperative and calmer than others, and that 
these calm and cooperative birds produce smoother data. It may be beneficial in the 
future to try to understand the factors which lead to the difference in behaviors.  
 Subjects tolerate the helmet well. They will perch, call, and even fly while 
wearing them. However, this has not been tried with all optodes connected. So far, a 
single pilot experiment was tried using an awake and unrestrained bird. In this initial test, 
the weight of the fiber optics was limiting, and the bird remained immobile for the 
duration of the task. Analysis of the collected data produced no useful data. The helmet 
was broken by the end of the experiment, and it is unclear whether this is the reason why 
the data were unusable. 
 It should be possible to support the fibers in such a way that less weight is placed 
on the subject.  
 
Future Directions 
 To capitalize on the full potential of using diffusive optical imaging to study 
songbirds, further work must focus on improving spatial localization. Refinement of the 
interface will also be important so that subjects may be imaged while freely behaving. It 
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is likely possible to construct much finer and more durable equipment using more 
advanced techniques. Ideally, future forms of these tools will be portable and fully 
automated. They may, perhaps, be used to rapidly gather data from subjects in the field. 
The studies presented above demonstrate feasibility and serve as a foundation for further 
steps.  
 It will also be important to study the relationship between genomic activity and 
hemodynamic response. It has been proposed to feed back to regulate neurons (Dong and 
Clayton, 2009), perhaps by remodeling dendritic spines via caspase (Huesmann and 
Clayton, 2006). Perhaps there is feedback to vessel maintenance and angiogenesis as 
well, after all, the functional unit supporting oxygen and nutrient delivery to neurons is 
tightly couples neuronal, glial, and blood vessel activity (Iadecola and Nedergaard, 2007; 
Takano et al., 2006) and many of the genes responding to song playback relate to 
metabolism (Dong et al., 2009).   
 
Uses for These Methods in Current Form 
 The methods in their current form (without further major development) may be 
used to test several conditions. Several conditions and their relations to song habituation 
can be tested. Arguably, the easiest of these to test are the effect of sex, age, and species. 
 DOI may also be used to measure the time courses of key characteristics of 
habituation (Thompson and Spencer, 1966). Descriptions of the time courses for these 
characteristics may help inform the timing of manipulations, treatments, and tissue 
collection for molecular analysis. In this way, it may be possible to identify differences in 
the biological mechanisms supporting each characteristic. 
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 For instance, DOI could be used to test the effect of context on habituation. 
Several forms of this experiment have been tried in zebra finches in a lab environment 
(Kruse et al., 2004). One may ask which changes in context are most likely to produce 
the effect. Two characteristics of habituation are the recovery of the response to another 
stimulus (sometimes called “dishabituation”, although erroneously (Dong and Clayton, 
2009)) and the tendency to recover the response over time, or spontaneous recovery 
(Thompson and Spencer, 1966). These characteristics are noted for their sensitivities to 
context. This is especially true in the latter – in some conditions the latency is long while 
in others it is short. The ability of DOI to measure repeatedly may allow us to test various 
conditions affecting this latency. This may lead to hypotheses regarding the evolution, 
ethology, and mechanisms underlying these different response latencies. 
 Similarly, habituation may be generalized to stimuli. What types of stimuli might 
a zebra finch generalize to? What does this tell us about how they live? How might the 
gene expression profile be different in each case?  
 In addition to habituation, DOI could be used to test or assist in testing hypotheses 
relating to immediate early genes and their role in influencing the learning state (cite 
gAP, Clayton 2000). The timing of peak ZENK gene or protein expression could 
correspond to a state of readier learning. This could be tested by measuring latency to 
habituation at the peaks versus at other times. 
  Finally, the current methods support simultaneous recording of optical and fMRI. 
Doing so would provide a direct comparison between the two studies, provide a gold 
standard of spatial localization to inform models for mapping optical activity, and may 
help to dissect scattering-based changes from hemodynamic changes.  
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 Efforts to do this have focused largely on the 600 MHz 14.1 T Varian MR 
System. This system has the highest resolution of available instruments. This specialized 
equipment, unfortunately, lacks an appropriately designed pulse sequence for our 
proposed tasks. Also missing are non-magnetic speakers for delivery of auditory stimuli 
in the MRI machine. These are minor obstacles and may be overcome by simply trying 
experiments in slightly lower resolution MR systems. 
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